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1..E_. cutive Summary

This report describes the findings of a six-month study to evaluate Orbiter maintenance

procedures on the Thermal Protection System (TPS) and select ones that may be automated

using today's robotic and sensor technology. This study was conducted by a team of

engineers from Kennedy Space Center (NASA and Boeing), Langley Research Center,

Carnegie Mellon University's Field Robotics Center, and SRI International. The objectives

of the study were to:

(i)

(2)

(3)

Identify TPS tasks whose automation is cost effective and can improve the

Orbiter maintenance schedule,

Integrate state-of-the-art robotic technologies into NASA's ground operations,

and

Provide an impressive yet low-risk demonstration of NASA's robotic program.

The two tasks that survived the screening process as the prime candidates for initial

automation are tile rewaterproofmg and visual anomaly detection. Because of the thorough

and methodical approach of selecting tasks and the required technologies, there was

consensus expressed in the conceptual designs of the various subsystems and the overall

operational concept. The constituent technologies for these designs are available and an

aggressive development and demonstration schedule is recommended. Several additional

tasks were identified that would use the same mechanisms as the initial two candidates and,

therefore, they provide a natural and low-cost growth path for future expansion.

Routine TPS inspection and refurbishment operations are performed at two locations:

Dryden in California where the Shuttle currently lands, and in Florida at the Orbiter

Processing Facility (OPF). Minor tasks are also performed in the Vehicle Assembly

Building (VAB) and on the launch pads. A list of all relevant tasks was compiled. This list

comprised 132 processes from which 19 tasks were selected as candidates for automation

using available robotic and sensor based technologies. The team's preliminary evaluation of

these tasks narrowed the list to 7 tasks that could be justifiably automated with available

technology. The study team members then ranked these tasks using a formal ranking

methodology. This methodology selected the step-and-repeat tasks (tile rewaterproof'mg

and TPS anomaly detection) as initial processes to be automated. The team noted that four

1-1
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of the remaining tasks could be added at a later date with software additions only, and one

would require a specialized sensor being developed under a different program.

The tile rewaterproofing procedure uses a portable manual tool to deliver

dimethylethoxysflane (DMES) into each tile on the Orbiter. A technician places the tool

nozzle over a small hole in the ceramic coating on the tile and a l:neciso quantity of DMES is

injected through the hole under pressure. DMES is toxic and flammable and the task is

cunenfly perforn_d only on third shift with a large clear area around the work site.

A variety of general and special visual inspections are routinely carried out over the entire

Shuttle. Visual anomaly detection is perf_ned after every flight to detect gouged, chipped,

discolored, and otherwise unacceptable conditions on the surface of every tile. Defects

determine the extent and amount of rework required during each TPS refurbishment flow

cycle and their early identification is highly desirable.

This study resulted in a conceptual design for a robotic system capable of moving sensors

and specialized tools to inject and inspect the lower surface tiles. The rewaterproof'mg

concept is based on special modifications to the existing waterproofing tool to trap and

measure any leaking DMES. The visual anomaly detection concept couples use of off-the-

shelf sensors with special software for storing and comparing the appearance of each tile.

Because the wmerproofing tool has to be moved from tile to tile and because current sensor

technology is incapable of viewing the entire Orbiter underside, a mobile base with an

associated fine-positioning mechanism is required to move the tools and sensors around in

a timely manner. The mobile base can be semi-antomatically or automatically moved into

various positions underneath the Orbiter, and is capable of being transported to the

appropriate facility during the refurbishment cycle to perform work.

To achieve both short term goals and longer term objectives, a project plan was developed

that would allow significant demonstration of intermediate capabilities of the system

throughout the development cycle. Early demonstrations will include operator interface

displays and tile rewaterproof and sensor capabilities. Intermediate demonstrations will

include mobile-base move and f'me-positioner capabilities. Early in the integration,

demonstrations at the OPF of system navigation, positioning and sensor interaction will be

1-2
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demonstrated in the proximity of Orbiter TPS. The robot will locate randomly selected tiles

and sensor data will be acquired and displayed.

These and later demonstrations will directly support the final goal of complete integration of

a production qualifiable system. The final system will be a valuable contribution to field-

robotic technology because it will demonstrate mobility in a large unstructured work

volume, while requiring precise control of positions, approach angles and forces over this

volume. It will integrate man and machine into a complex robotic system involving

sophisticated sensors, advanced communications and highly powerful real time computers.

It will also have a positive impact on KSC's infrastructure (e.g. Orbiter configuration

management and access control).

The study team concluded that the system proposed for automating the selected tasks is

viable, and will have high visib/lity. Initial labor hour savings are calculated to be 630

hours per flow and 2.$00 hours per flow on full implementation. Process efficiency savings

of several weeks per flow will be realized for some tasks automated. Improvements to shop

safety, TPS quality and paperless documentation will also be significant.

This will be the t'trst mobile robotic system used for Orbiter launch processing and

development of the system will result in a nontrivial integration of state-of-the-art

technologies, while exercising several demonstrable low-risk opdom along the way.

1-3
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2.0 Introduction

The Thermal Protection System, although a passive system, is as critical to the mission

success of Space Shuttles as any other component or active system. The maintenence and

refurbis_ of the Space Shuttle TPS is and wRl continue to be an/mportant and integral

part of the work necessary to ensure safe and reliable manned space flight. With the

present aggressive Space Shuttle schedules of 12 flights per year and the increasingly

stringent testing and quality requirements needed to ensure uneventful, on-schedule flights,

the importance of expediting the TPS refurbishment process presents itself as inevitable.

This challenge could be met in the short term by additions to an already costly labor force,

or this objective could be approached with an intelligent, well thought out plan that

includes: (1) the application of state-of-the-art automation techniques, (2) integration of

modem tools and systems to enable the existing valued labor force to work more efficiently

and accurately, and (3) a reduction in the amount of manual and time-consuming tasks

associated with TPS refurbishment. NASA has choosen to take the automated approach.

Under the leadership of NASA KSC, a team of experts in the fields of robotics, sensors,

and advanced systems was formed. The Team included members from Boeing, LaRC,

CMU, and SRI. The first phase of the automation project was to perform a comprehensive

TPS process study with the following stated objectives:

I) To identify which TPS tasks can be automated, and in what combination to

get the most impact from system design.

2) To identify what technologies are applicable, their present maturity levels

and how they could best be integrated as a complete system concept.

3) To provide a plan for system development organized to ensure low risk,

high-visibility, rapid design of a system that is both highly useful and

justifmble.

This report presents the detailed results of the TPS process study. It is the last step in the

first phase of the TPS automation project.

2-1
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This report has been organized in a fashion that closely follows the steps taken to conduct a

formal process study. The first sections introduce the backround of the TPS processes and

materials and the related automation studies. Issues dealing with TPS work content,

planning, flow, and facilities are also addressed.

Sections that follow address the specific details of processes selected, automation

scenarios, specific tasks, and detailed benefits analyses. The TPS tasks selected are then

ordered by rank of the most benefit to the present TPS flow, as well as importance to

expediting the development cycle.

Later sections present a unified system conceptual design, including all details known

regarding the proposed sensors, positioner mechanisms, and control system architecture.

These sections include references to tests conducted, studies performed, and the rationale

employed when selecting key system components.

The concluding sections provide a comprehensive strategy and plan for the rapid design,

demonstration, and implementation of a system that is low risk, yet highly visable.

This TPS process study presents some unique opportunities for the Space Shuttle program,

NASA KSC, and the technology community in general. The complete integration of a

system employing state-of-the-art robotics, sensors, and navigation, tightly coupled by

advanced communications and computer technologies, will be the first such automated

system applied to Space Shuttle processing directly and will set the stage for other

automation projects.

The system described will provide well-defined, immediate, and long-term TPS process

improvement benefits. At the same time, the system will include all necessary hardware

and control hooks to support the rapidly emerging advancements in mechanisms, sensors,

computer power, and use of knowledge-based, real-time systems.

The exchange of ideas and concepts between the specialized technical experts assembled to

conduct the TPS process study is already having the effect of making all members a little

wiser and more well-rounded automation experts. It is hoped that after reviewing this

2-2



Orbiter TPS Automation Study Final Report KSC-DM-3491

report the reader too might gain some insight into TPS processes and the interesting field of

automation and robotics.
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3.0 Scope

The scope of the TPS process study was to include all aspects of the TPS refurbish_ment

process from Space Shuttle landing to launch. This entails all components, processes,

facilities, work performed, documentation, and related automation studies.

TPS components were to include all components, not just tiles as expressed in previous

Research and Technology Objectives and Plans (RTOP) and related literature. Processes

were to include aU inspections, tests, fabrications, reworks, and related operations.

Fac_ were to include aU facilities where TPS work to operational Orbiters is performed.

TPS work performed was to include all planning, execution, accounting, documentation,

and engineering support tasks.

Opportunities for automation were to be identified by the most appropriate and beneficial

automation technique, with greater detail and emphasis noted for candidate processes that

could be automated using robotic and sensor-based technologies.

A significant amount of emphasis was to be placed on researching prior and ongoing

studies related to TPS process automation, so that work done and conclusions drawn from

other studies could be built upon during this TPS process study.
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4.0 Background

This section briefly describes the evolution of the TPS and previous work in the area of

robotics. It also describes how this study complements other related studies and programs

along with brief descriptions of these studies and programs. The section concludes with a

description of how this study came about and who was part of the working group.

The thermal protection system of the Obiters evolved over time. Different thermal

protection systems were proposed during the early stages of the Space Shuttle Orbiter

design. One such system was comprised of exotic metals and sophisticated cooling

schemes. Another system was comprised largely of tiles. The tiles were chosen because

they were the cheapest system to manufacture and install. At that time, many thought that

maintenance requirements may be significant with the system selected; however,

assessments of how significant were impossible to make. During the first flights of the

Orbiters, the tiles underwent significant modifications and repairs. Problems were

encountered from flight damage, type of rewaterproofing materials used, etc. In fact, some

Orbiter flows had in excess of 3000 tiles to be removed and replaced with either

replacement tiles or newly designed materials. This amount of work was not anticipated

and presented considerable delays in the refurbishment cycle. The amount of maintenance

and rework has been significantly reduced as designs and processes have improved.

Strides toward TPS process improvement have been made in many areas. These areas

include: information management systems for streamlining paperwork, advanced tools

(e.g., Lockheed's Laser Step and Gap Tool), ergonomically designed work.stands, and

robotics. The amount of work in the application of robotics has been limited to simple

demonstrations of how robots can accurately position tools. Other work has focused on

dedicated robotic facilities for TPS processing. A comprehensive study of applying

robotics to TPS was needed. This study was conducted to address that need.

This study complements the numerous previous and on-going TPS process improvement

programs and studies. It does this in three ways. First, it looks at the entire TPS process
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and identifies many potential process improvement techniques, not only robotics. Second,

robotic and sensor experts were brought together to evaluate what could be done to

integrate proven technologies to solve the robotic process improvements. The intent of the

study was to present the feasibility and capability of an operational system; not to only

perform research. Third, system design concepts are constrained to provide minimal

impacts to the curt'ent operations and facilities. This reduces costs and provides a quicker

remm on investment.

The following related programs and studies are being conducted by various NASA centers,

contractors, and universities:

(1) Lockheed Research and Development Division (RDD) sucessfuny developed and

qualified the hand-held laser step-and-gap tool. This tool has improved measurement

accuracy over previous manual techniques and has also increased the efficiency of making

measurements around landing gear and external tank doors. The tool has also helped to

reduce the total number of measurements that must be made.

(2) Lockheed RDD performed a study and proposed a specialized facility for tile inspection

and refurbishment. This facility was designed such that the entire vehicle could be

accessed by robotic manipulators and their specialized tools and end-effectors.

(3) The University of Central Florida (UCF) at Orlando is conducting a number of studies

directed at providing the TPS technicians with new workstands for overhead tasks, training

strategies for a Voice Data Entry information system, and replacement tile cavity

digitization. A prototype work.stand will be built for testing by the TPS technicians and

further ret=mement. It is believed that this workatand will significantly improve technician

efficiency and comfort.

(4) The University of Florida (UF) at Gainsville developed a prototype hand-held tile

moisture content tool. This tool has the ability to measure absolute moisture content.
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(5) The Space Systems Integration and Operations Research Applications (SIORA)

program was a cooperative effort between NASA KSC, Stanford University, and

Lockheed Space Operations Company (LSOC). This program developed and tested a

prototype irnformation system. This system demonstrated technologies that would

significandy improve the inefficiencies caused from TPS documentation and quality

assurance requimrnents.

(6) Many of the technologies developed under the SIORA program are being incorporated

by LSOC into the Shuttle Processing Data Management System IT (SPDMS 1I). SPDMS II

is being developed to increase Shuttle processing efficiency by streamlimn' g the processing

of documentation and quality assurance paperwork. TPS processing is just one of the many

processes being included in this system.

(7) NASA Langley Research Center was involved in testing a variety of sensor

technologies that could be used for inspection and dimensioning of tiles.

(8) In the KSC robotics laboratory, the robotics group integrated and sucessfully

demonstrated the operation of the Lockheed laser step-and-gap tool with a robot The

purpose of this effort was to show how a robot could be used to efficiently and accurately

position the tool.

As a foLlow-on to the KSC effort, KSC prepared and submitted an (RTOP) to NASA

Headquarters Code RC for f'mcal year 1990. This RTOP proposed the development of a

prototype robotic system for processing Orbiter tiles. A number of iterations were made on

this proposal, and it was finally decided by Code RC in March 1990 that a complete system

study must be performed. Two basic designs were thought to be viable; a complete mobile

robot or a f'txed, long-range sensor array.

The Study Team was formed to assist KSC in determining which of these designs was

best. Auxiliary members include: (1) NASA LaRC personnel, (2) Carnegie MeUon

University's Robitics Institute faculty and researchers, and (3) SRI International
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personnel. This group is a good mix of the required technical backgrounds needed to carry

out a comprehensive system study.
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5.0 Study Approach

This section describes the approach taken to reach the goals and objectives of the TPS

study in the required timeframe. An aggressive approach was taken with activities

occurring in parallel whenever possible. This was necessary to conduct a comprehensive

study of a complicated process in just six months. Figure 5-I shows the flow of events

during the study. A description of this flow follows.

The first meeting of the Study Team was introductory in nature. Its objective was to

augment all team members knowledge of the Thermal Protection System, the documents

that described the processes, and the facilities at KSC where processing takes place. Some

initial processes were discussed based on KSC's experience of what are important tasks.

A preliminary selection of seemingly feasible and justifiable tasks was made, based on

work performed prior to this study. Although this was somewhat risky because these tasks

may not be the ones ultimately automated, it was necessary to expedite the conceptual

design process. All of the team members were tasked with reviewing the process

procedures in detail to ensure that all potential robotic/sensor process improvements were

identified.

Other areas of potential process improvement were also identified. This effort was

necessary early in the study to narrow the field of candidate processes so that greater focus

could be placed on those processes. In parallel, development of design concepts was

initiated by all team members. The intent was to independently develop concepts for

automation. These concepts along with the potential processes for automation were then

presented at the next team meeting. Throughout this process, information on TPS

processes was being acquired through interviews, observations of processes, attending

training courses, attending TPS planning and scheduling meetings, etc.

The second meeting's emphasis was on reviewing the TPS processes suitable for robotic

automation and preliminary design concepts. All of the processes that had even the slightest

possibility of being automated were discussed. Again the number of candidate processes

was further reduced to consider only those that appeared to be beth technically feasible and

justifiable. The best candidates were further classified based on two criteria: (1) those
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processes which should be automated in the near term, and (2) those processes which

would allow fum_m additions to the remaining processes.

Discussions about the technologies required to automate these processes were held. Areas

that needed further testing or further research were identified. All team members presented

system design concepts. All concepts had the same major themes: a mobile base, an

elevating mechanism, and some type of robotic arm or mechanism for free positioning.

Selection of the type of ann or mechanism was discussed, but it was clear that a decision

could not be made at that time. It was decided, however, that a comprehensive reach

capability study would be needed to provoke this decision, that a mobile base location

strategy was needed, and that measurements to determine the accuracy of the tile Computer-

Aided Data (CAD) were also needed. Again, information necessary for all areas of concept

design was being termed and added.

The third meeting had three primary purposes. First, the selection of a mechanism for the

fine positioner was necessary. A detailed reach capabilities study was presented and trade-

off comparisons were made for the types of fine positioners. An agreement was reached: A

Selectively Compliant (SCARA)-type planar ann was chosen. The best candidate mobile

base location strategy was chosen based on the tests performed to quantify the accuracy of

the tile CAD data and available location sensor accuracies. Second, sensor issues relevant

to visual anomaly detection and rewaterproofing were discussed. From these discussions,

it was decided that anomaly detection and rewaterproofing were technically feasible and

implementable in the near term (1 to 2 years); the necessary sensors and sensor

interpretation algorithms exist. Third, the final report outline was reviewed and tentatively

approved.

In summary, a comprehensive study has been performed. This study was approached

aggressively to meet the objectives and requirements in the allotted time. Risks were taken

by initiating the design process before the final processes to automate were selected: This

turned out to have been a wise decision, since significant progress was made in the design

process (i.e., a complete definition of the system architecture), and it allowed in-depth

analysis and research of candidate processes to be made. As always, more time could have

been spent performing specialized tests and studies so that higher confidence levels in this
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design could be attained (i.e., higher than 90%). The same type of aggressiveness will be

rlceded tO successfully develop the proposed system design.
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6.0 TPS Process Overview

This section provides an overview of the TPS components, TPS work content, and the

planning and scheduling of the TPS work flow. A brief description of each TPS

component type is provided for those unfamih'ar with TPS. TPS work content is addressed

to include both "planned" and "unplanned" work. The general "rPs flow is presented to

include the facilities, operations, and typical durations. This section is concluded with a

discussion of scheduling and planning issues.

6.1 TPS Components

This subsection describes the major components that comprise the Thermal Protection

System (TPS) of the Space Shuttle Orbiters. The TPS is a collection of various systems of

materials applied to the outer surface of an Orbiter to protect it from the extreme temperature

ranges it experiences during a flight. The functional purpose of each component and typical

locations on an Orbiter are presented. Figure 6-1 shows the locations of the major surface

treatment materials.

6.1.1 Tiles

The tiles are the primary component of the TPS. A tile is made up of a base silica material

that is coated with a reaction-cured glass (RCG) coating on five of its six sides. The RCG

is to protect the fragile silica from being damaged by the aerodynamic environment. The

RCG does not completely cover the side wails of the tiles. About 1/2 inch of the silica

material is exposed near the tile face that bonds to the Orbiter. This face is not coated with

the RCG and is densified with a slurry to strengthen it for bonding. A typical "acreage" tile

measures 6 by 6 by 2 inches, but the size of a tile may vary from one-fourth to four times

that. The geometry varies from a basic rectangular block to complex geometries that often

have more than one surface plane to be bonded to the skin of an Orbiter.

6.1.1.1 High-Temperature Reusable Surface Insulation Tile (HRSI Tile)

These tiles can be designed to withstand temperatures in excess of 2400 degrees

Fahrenheit. These tiles are coated with black RCG and are located on the Orbiter's lower

surface, on
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the base heat shield around the main engines, on portions of the Forward Reaction Control

System (FRCS), on the rear Orbital Maneuvering System (OMS) pods, and on portions of

the vertical stabilizer and speed brake. Black RCG is primarily used on these areas so that

approximately 90 percent of the heat absorbed from re-entry is radiated away from the

Orbiter back to the atmosphere. There are approximately 17,000 HRSI tiles on a typical

Orbiter.

6.1.1.2 Low-Temperature Reusable Surface Insulation Tile (HRSI Tile)

The LRSI tiles can be designed to withstand 1200 °F. They are coated with a white RCG

and are located on the majority of the vertical stabilizer, majority of the rear OMS pods,

portions of the FRCS, and around the crew compartment windows. There are roughly

6,000 LRSI tiles on a typical Orbiter.

6.1.2 Filler Bar

The filler bar is a thermal barrier that prevents hot gasses that may flow between tile gaps

from reaching an Orbiter's aluminum skin. Filler bar is typically I inch wide. Any given

tile covers one-half the width of a filler bar strip. If one were to remove all the tries from the

Orbiter and leave the fiUer bars in place, the filler bars would outline the perimeter of the

bonding surface of the tiles. Figure 6-2 illustrates f'dler bar and where it is located with

respect to other TPS components.

6.1.3 Strain Isolation Pad (SIP)

The SIP transfers tile loads to the Orbiter surface. It is designed to prevent a tile from

breaking while the vehicle is flexing under load and during temperature extremes, since

tiles are relatively fragile. The SIP's come in a variety of strengths and thicknesses

depending on tile thickness and location on the vehicle. The SIP is bonded to the densified

surface of a tile and the tile/Sip assembly is then bonded to the aluminum skin of the

Orbiter (see figure 6-2).
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6.1.4 Gap Fillers

Gap fdlers are located between adjacent tiles and designed to prevent hot gasses from

flowing into the gaps between tiles and down to the Orbiter substrate. (see figure 6-2)

6.1.4.1 Ames Gap Fillers

Ames type gap fillers are typically used to fill smaller gaps up to about 0.10 inches wide.

The material used to fabricate Ames gap fdlers is a screen-type material that has been

impregnated with black, room-temperature vulcanized (RTV) material. Different

thicknesses are obtained by bonding material layers together', hence, Ames gap fillers are

available in several standard thicknesses.

6.1.4.2 Pad/Pillow Gap Fillers

Pad/Pillow gap fillers are generally used to f'dl gaps greater than the Ames-type allows.

The body flap and elevon gaps are f'dled with pad/pillow gap fdlers. Pad/pillow gap fillers

are a high-temperature fabric that is folded and sewn over Inconel foil and other insulating

materials to obtain the desired thickness. It is more difficult to obtain the proper thickness

with the pad/pillow type than with Ames-type gap fillers due to the fabrication process.

6.1.5 Ceramic Plugs and Inserts

Ceramic plugs and inserts are used on carrier panels for access to the bolts that fasten these

panels to the vehicle. Carrier panels provide access to various components and subsystems

of the Orbiter. During an Orbiter flow, many of these panels must be removed for

inspection purposes and for testing and maintenance. Tiles are bonded to these panels. To

remove or replace the panel attachment bolts, the ceramic plug must be removed from the

threaded insert that is bonded to the tile. Once a plug is removed, a tool is used to remove

the bolts.

The plug prevents the flow of hot gasses down the access hole to the bolts and aluminum

skin. The insert is bonded to the tile and threaded to allow the plug to be screwed into it.

6-5



Orbiter TPS Automation Study Final Report KSC-DM-3491

6.1.6 Thermal Barriers

As the name implies, thermal barriers prevent the flow of hot gasses. They are a ceramic

fabric that has been sewn around springs to form a compliant gasket, very much like the

one found on commercial high-temperature oven doors. Themud barriers are used around

the landing gear doors, external tank doors, the forward reaction control system, and a

multitude of other vents and hatches.

6.1.7 Flexible Insulation Blankets

Hexible insulation blankets (FIB's) are made from bonded silica f_bers that have a ceramic

fabric sewed to them in a quilted pattern. They are bonded to the aluminum skin of the

Orbiter in a similar way as the tiles. The blankets are also known as advanced felt reusable

surface insulation (AFRSI). They can be designed to withstand temperatures up to 1500 °F.

FIB's are typically located on the fuselage sidewalls, the rear Orbiter maneuvering system

pods, on portions of the payload bay doors, and on the forward reaction control system.

6.1.8 Reinforced Carbon/Carbon

Reinforced carbon/carbon is a carbon composite material. It can be designed to withstand

temperatures up to 3200 °F. It is used on the wing leading edges and on the nose cone

where the highest temperatures are experienced. This material is difficult to repair, so

precautions are taken during Orbiter processing to protect these surfaces.

6.1.9 Felt Reusable Surface Insulation (FRSI)

Felt reuseable surface insulation has the lowest temperature range of all the TPS surface

materials. It is also the only material that can be walked on by personnel. FRSI is a heat-

treated, nonwoven Nomex felt material that is coated with a white elastomeric compound.

It can be designed to withstand temperatures up to 750 °F. FRSI is used primarily in the

payload bay doors and on the upper surface of the wings is where it is primarily located on

an orbiter.
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6.2 TPS Work Content

This section describes the breakdown of work performed on the Orbiter's thermal

protection system during a typical Orbiter processing flow. A description is provided of the

general "ITS operations performed at the var/ons facilities during a typical Orbiter flow.

6.2.1 TPS General Flow

An Orbiter flow begins when the Orbiter lands, and ends when it is launched. There are a

host of tasks that must be performed to ready an Orbiter for launch. The TPS is just one of

the many systems that must be maintained and refurbished. Figure 6-3 illustrates the major

aspects of a flow including major processes and where they are performed. This section

provides details on the 'ITS tasks presented in this figure.

6.2.1.1 Dryden Flight Research Facility (DFRF) ...
I

TPS flow begins with a post-flight visual inspection on the runway after the vehicle has

been safed. The vehicle is then rolled over to the mate/demate device where is is jacked and

leveled to a maintenance position in preparation for the ferry flight back to KSC. A number

of tile operations are performed at this facility. Here, a detailed inspection of the TPS is

performed so that: l) early assessment of TPS rework can be made, 2) interim rework can

be performed in preparation for the ferry flight to KSC, and 3) work authorization

documents can be released so the work planning and scheduling process can begin back at

KSC. During this inspection a debris team that identifies and documents foreign object

debris encountered flight and an inspection team that inspects for other types of TPS

anomalies including damage and contamination. These inspections are usually performed

on t"trst and second shifts. The rewaterproof'mg of bottomside tiles is also performed to

reduce the chance of tiles absorbing moisture during the ferry flight back to KSC. The

rewaterproof'mg is performed on a non-interference-basis during the third shift. The TPS

is ready for the ferry flight after all necessary inspections and repairs have been made. This

generally takes about five days.
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6.2.1.2 Kennedy Space Center (KSC)

If the Orbiter lands at KSC, the only operation performed on the runway is a quick-look

inspection,which is performed immediately after the vehicle is safecL

6.2.1.3 Orbiter Proceselng Facility (OPF)

The final post-flight inspection is performed in the OPF. This inspection is very detailed

and typically takes 2 to 3 weeks to complete with a manpower loading of 600 to 800 hours

distributed between two shifts. Every component of the TPS is visually inspected.

AH major maintenance and refurbishment work is performed in the OPF. This includes at

minimum the following processes:

• Tile surface coating repairs due to flight/ground damage

• Tile removal/rapist because of other system testing and

inspections

• Tile removal/replacement because of tile danmge/contamination

and other problems

• Repair/removal/replacement of thermal barriers

• Repair/installation of tile gap fillers

• Tile step-and-gap measurements around landing gear and

External Tank (ET) doors

• Vehicle engineering mcxtifications

Prior to transfer of the Orbiter to the VAB for mating to the extemal tank(ET) and solid

rocket boosters(SRB's), an inspection is performed to ensure that the Orbiter is ready for

roll-out.This inspection takes about a week to perform on two shifts.

6-9



Orbiter TPS Automation Study Final Report KSC-DM-3491

6.2.1.4 Vehicle Aeeembly Building (VAB)

Typically, a limited amount of TPS work is performed in the VAB. Occasionally, tiles may

need to be repaired as a result of the mating processing; for instance, near the ET

attachment points. On some flows, tile step-and-gap measurements may be taken in the

VAB because of lack of time in the OPF flow, due to unexpected problems near the end of

the flow. Another inspection is performed to identify any tile damage before the Orbiter

and ET/SRB stack mils out to the pad.

6.2.1.5 Launch Pad

In most cases a minimal amount of TPS work is performed at the launch pad. Access

panels for hypergolic servicing and the crew hatches are installed just prior to lift-off. A

f'mal pre-flight inspection is performed with emphasis on those areas accessed by

personnel.

6.2.1.6 Summary

While TPS processing may occur at all facilities during an Orbiter flow, the OPF is the

facility in which the majority of Orbiter TPS inspection and refurbishment takes place.

Generally, TPS work reduces as the launch date approaches, and the amount of work in the

VAB and at the Pad is usually small

6.3 Planning, Scheduling, and Execution of TPS Work

The planning and successfully completion of all TPS refurbishment tasks in an efficient

manner is a challenging undertaking. The TPS work is always unique. There are always

different components that sustain flight and/or ground damage, even though they may be in

the same general vehicle location from flow to flow. The most challenging aspect of TPS

work is that it is extremely dependent on vehicle configuration and generally has lower

priority than other vehicle processing tasks. The masons for this lower priority is that much

of the TPS work can be done at almost any point in the flow and usually requires relatively

simple set-ups and tools for performing the maintenance and refurbishment tasks. It is

important to note that the TPS is just as flight critical as other Orbiter systems, however it is
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not a redundant system. This makes it equally important to flight success, however, due to

the low priority of the work, it is difficult to plan, schedule, and efficiently control the

required maintenance and refurbishment tasks.

Plans and schedules for TPS processes are typically developed long before a flow for a

given vehicle even begins. Projections are made of expected flight-related damage based on

historical data. These projections ate usually reliable if nothing extraordinary occurs during

a mission. This work is def'med as "unplanned" by TPS flow managers and schedulers and

comprises approximately 40 percent of the total TPS work performed during a

refurbishment flow. This 40 percent is comprised of flight related damage, ground induced

damage and reassessment of previously performed TPS rework.

The remaining 60 percent of the work load is comprised of routine work (e.g.,

rewaterproofing, inspections, step-and-gap measurements, etc.), engineering changes, and

deferred work. This 60 percent is referred as "planned" work on TPS schedules. The

amount of "planned" work remains constant from flow to flow; however, the amount of

"deferred" work is constantly growing. "Deferred" work is created when damage to TPS is

repaired using temporary rework processes. Ultimately, complete removal and replacement

of TPS components will be necessary for temporary rework of this nature. At present, each

Orbiter has more than 700 tiles that will have to eventually be removed and replaced at a

future date when flow time is available. Most of this work is being delayed until a major

vehicle modification is required and scheduled, however, some of this deferred is

performed during the present flows.

Preliminary TPS flow schedules are created that include both "planned" and "unplanned"

work. The moment the Shuttle lands, the preliminary schedules are put to the test and

execution of the scheduled tasks begins. Early in the flow, post-flight inspections are

performed. They are used to quantify all flight-related damage and to provide input to

update the TPS schedules by defining "unplanned" work. As the flow proceeds, many

other conditions may influence the schedule. One of the biggest factors affecting the TPS

flow schedule is special vehicle testing that requires the Orbiter be put in a certain

configuration (for example placing the elevons up and the body flap is down, or placing the

vehicle on aft jack stands). These configurations may make it impossible to gain access to a

tile for repair or replacement. The TPS flow schedule is usually in a constant state of

change as some problems are resolved and new ones arise.
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7.0 TPS Initial Process Review and Detailed
Descriptions

The TPS process study entailed a review of related TPS process automation studies,

interviews with TPS Personnel, visits to facilities, f'LrSthand observation of key processes,

review of each of the processes and many other efforts. The need to become laminar with

personnel, facilities, tools, procedures, paperwork and planning, was a-foremost

prerequisite to deciding how the TPS processes could be improved or automated.

Section 7 addresses these subjects to document the observations and interviews, summarize

the requirements, select candidate TPS processes and present automated scenarios.

Assessments are also made of expected productivity improvements (including: labor hour

savings, improvements to efficiency, shop safety, TPS quality and more.) A summary of

these benefits is provided at the conclusion of the section.

7.1 Prellmlnary Process Revlew

Early phases of the TPS process study included researching related automation studies,

interviews and conversations with TPS personnel, and observations of the TPS processes

at the various facilities.

7,1.1 Related Studles

During the initial stages of the TPS process study, a considerable amount of research was

conducted to determine ff other groups had looked at automating the TPS processes and, ff

so, what was their approach, conclusions, and recommendations. It was also important to

find out how rinse studies may complement this TPS study.

Research began with the present Shuttle Processing Contractor(Lockheed). Conversations

with process improvement engineers yielded a wealth of background information regarding

related projects and who to contact for further details.

Lockheed successfully developed and qualified a hand-held laser step-and-gap tool for

automation of the tile step-and-gap measurement process. This tool is now undergoing
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complete integration with the Shuttle Processing Database Management System (SPDMS).

Lockheed had also performed a complete TPS process study and recommended a

specialized facility for tile inspection and refurbishment.

The University of Central Florida conducted a number of studies resulting in

recommendations for improved human performance, voice data entry, and tile cavity

digitization.

The SIORA program was a cooperative effort involving NASA KSC, Standford

University, and Lockheed that resulted in the development and demonstration of a

prototype voice data entry system.

The Shuttle Processing Database Management System II, (SPDMSII), was investigated to

determine evolving information systems for use in TPS processing. The goal of this system

is to streamline documentation and quality control paperwork, as well as tie all Orbiter

processing systems together into one cohesive network and database.

These and other studies are discussed in section 4 of this report. Appendix "B" of this

report fists all related studies, as well as, provides a comprehensive and complete fist of

subjects researched as part of this process automation study. The documents listed in this

appendix are well organized into three complete f'de cabinet drawers and will serve as a

document library during the next phase of this project. These reference documents

constitute a significant amount of research and are available upon request for reprint and

review by those interested.

7.1.2 Interviews and Observations

During the early stages of the TPS process study, TPS personnel were queried for inputs

regarding the TPS processes. All TPS departments questioned were quite helpful in

expediting the TPS study group to become familiar with the TPS processes and

procedures. A complete and thorough list of questions was created (appendix "E') and

used as a guide during the interview phase to insure all aspects of process improvement

were addressed.
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TPS planning personnel were instrumental in providing insight into TPS flow and planning

issues. Detailed Historical and Future TPS flow schedules proved invaluable assets for

quantifying TPS work.

TPS training instructors provided complete sets of formal student class handouts and

directed the TPS study group where to obtain all documentation describing process

procedures, TPS material specifications, QC acceptance criteria, and more.

QC supervision and inspectors allowed the study group to observe and participate with

TPS inspections. QC inspectors participated for several nights to help make a video film of

TPS materials, anomalies and defect conditions, which was later used in meetings,

presentations, and as an aide in process familiarization(appendix "F").

TPS technicians, supervisors, and back shop personnel provided comprehensive

presentations of TPS materials, tools, and processes to the TPS study group. Special tours

with in-depth explanations, sample materials, and visual demonstrations quickly educated

the study group regarding TPS problems, issues, and needs.

Engineers supporting TPS materials and processes including: NASA support engineers,

Shuttle Processing(Lockheed), and TPS design(Rockwell), were very responsive to

technical questions that arose on a daily basis during the coarse of the TPS process

automation study. Support engineers were also responsive to production qualification

issues.

At KSC, meetings are currently held daily, weekly and monthly regarding TPS process

planning, problem solving, and improvement planning. The TPS study group attended

many of these meetings, asked questions, and took thorough notes. Many common themes

surfaced regarding what TPS personnel needed most to improve TPS processes and where

they felt automation using computers, robotics, and sensors, would he the most beneficial.

The following highlights some of the key requests.
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Paperwork

All TPS groups indicated that the TPS processes entailed far too much paperwork.

Anything we, (the study group), could do to help in this regard would be appreciated.

However, we were warned that "terminal key in" was not the desire.

• J

ln_e_on

Most all TPS groups felt the automation of the TPS inspections (especially V6028) using

sensors and robotics was possible, would have significant impact on TPS process flow,

and was highly desired. QC personnel expressed a strong desire in this regard.

Tile Cavity Digitization

Several TPS personnel suggested that the study get involved with the tile cavity digitization

work being proposed by UCF. Many felt that the sensor selection process was nearing

completion; however, a robotic positioner was required to completely automate the process.

Gap Fillers

Many personnel said the study group should concentrate on the most common and

repetitive tasks like gap filler mylars. Some explained that over 1000 gap fillers have to be

fabricated during each Orbiter flow and that present tools and techniques were very

inefficient and inacaLr_.

Tight Area Access

Some personnel interviewed said the study should concentrate on designing a robot for

inspection of inaccessible areas (elevon cove, tile gaps, flap hinges, and other). Some

suggested the use of borescopes and miniature cameras mounted to a highly articulated

robotic ann.
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Area Access and Vehicle Configuration

Most aU groups expressed the view that much time is wasted waiting for TPS area access

due to; 1) other higher priority tasks taking place in the same area(vehicle work), 2) access

impossible due to current flap or door positions, and 3) work stands or scaffolds not in

place, or cannot be moved in place to perform TPS work.

With all of these inputs and more, the TPS study group decided to weigh heavily TPS

personnel desired inputs when making decisions regarding system design.

Of major significance regarding personnel inputs, was the early decision of the TPS study

group to include systems for the display and query of vehicle configuration and area

access, regardless of which processes were ultimately selected for automation. The

consensus of the study group was: 1) Area Access and Vehicle Configuration affect the

efficiency of all processes, 2) A robust CAD based display system could be provided very

quickly (less than a year), 3) Any robotic solution implemented would also require

knowing in realtime the vehicle configuration and area access.

Interviews and discussions with TPS personnel also revealed that a few general

requirements were necessary for the implementation of an automated system. Their desires

can be summarized as follows: no facility modifications, no TPS flow impact, no

complicated use, training, or setup, be COMPLETELY autonomous, safe, and friendly,

CLIMB scaffolds, lUMP over hoses and learn to use manual tools, have ZERO process

time after automation, require no changes to how we do business now, require no cost to

develop or build and, oh by the way, be delivered next week.

Having a large set of user desires and a well defined set of system requirements, the TPS

study group understood well the challenge ahead and proceeded with the study, next

determining facility constraints.
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7.1.3 Facilities

A comprehensive understanding of the various facilities in which TPS work is performed

was necessary to determine system constraints, work envelope and windows of

opportunity for autonomously performing TPS work. The present facilities, in which TPS

work can possibly be performed include Dryden, California (mate/demate device and

runway) and KSC facilities(mate/demate device, runway, OPF, VAB and launch pads).

The TPS study group was fortunate to spend a considerable amount of time at each of the

KSC facilities while Orbiter TPS processes were in progress. Several days a week, the

OPF high bays were visited throughout a complete TPS flow process from vehicle rollin

and leveling to vehicle rollout. Thorough notes were kept regarding vehicle access, the

positions of stands and service structures, and general floor access.

The TPS study group also made several trips to the Vehicle Assembly Building(VAB) to

observe TPS processes in progress. In addition, Orbiters were also observed up close

from all levels of both launch pads (39A, 39B), including the Mobile Launch

Plafform(MLP).

The unfortunate circumstance that frustrated the study group with regards to facilities was

that no trips were made to Dryden, California, to observe first hand the TPS processing at

that facility. Although travel plans were made several times, fuel leaks and other problems

caused the Orbiters to be grounded during the timeframe of the study. Study group

members went so far as to obtain security clearances, get complete medical exams, obtain

certifications for use of organic respirators, and take formal training classes, only to have

such trips cancelled at the last minute on several occasions The objective was to be a

hands-on integral part of the Orbiter landing and five day TPS process that occurs in

Dryden. As a result, information obtained concerning the Dryden facilities was derived

from interviews with TPS personnel and the review of literally hundreds of color

photographs found in the KSC photo library.

A complete "reach" study was also carried out (for all facilities) using CAD models and

engineering drawings, and is included as appendix "G" of this report. Reach, access and
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obstacleavoidance play very key rolesin determining both the design of the positioner

mechanisms and theamount offacilitymodificationsthatmay be required.

The following sections discuss some of the key features of the various facilities where TPS

work is performed.

7.1.3.1 Dryden Runway

After the Orbiter lands in Dryden, Califomia, the astronauts leave the vehicle and defueling

commences while still on the runway. This period (approx 8 to 16 hours) represents a

period of oppommity to perform some TPS work on the vehicle. Figure 7-I illustrates the

vehicle just after defueling. Key points that can be made about this period of time are:

Landing gear doors are open and down.

Clearance underneath the Orbiter is at its minimum during the flow cycle

(approximately 6 feet)

Access to practically all high-up HRSI tile is possible in this

configuration, while it is blocked by scaffolds in the OPF and

mate/demate devices.

Access to aft sections of TPS are open and clear

The ground under the Orbiter is clear of obstructions with the exception

of landinggear.

An explosionproofed mechanism could perform work duringdefueling

There are very few personnel working under the vehicle

Conditions are outdoor arid dry desert and probably some blowing wind

and dust.
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7.1.3.2 Dryden Mete/Demate

After defueling operations on the runway, the Orbiter is moved to a mate/demate device for

about 5 days where it is prepared for ferry flight. During this time TPS work includes tile

rewaterproofing (on third shift) and V6028 inspection on the first and second shifts. Figure

7-2 shows the entire mate/demate device with one of the Orbiters in its nest. Figures 7-3

and 7-4 show views undemeath an Orbiter with the mate/demate device facing forward and

aft, respectively. Key points about the Dryden mate/demate device are:

TPS accessibility is somewhat limited on Orbited topside and and aft

sections.

Vehicle is resting on jack stands, (1) forward, and (2) aft. Landing gear

doors are open and down.

Vehicle controls may be powered up to enable changing flight

surfaces(flaps).

Workstands, floor jacks, and other obstacles may limit floor

accessibility somewhat.

The area is arid dry desert, probably some wind and dust, however,

quite well ventilated.

A tail cone is installed during later stages that would limit accessibility to

tail sections of TPS.

The vehicle is parked and leveled to within tolerances of plus or minus

1.5 inches while on jack stands.

During the last day, landing gear are stowed and doors closed. A

Boeing 747 is moved under Orbiter for mate.

7-9



_,..,-,CK A_.L) WHITE PHOTOGRAPH KSC-DM-3491

ILl
"1-
I---

Z

n"
LLI
I--

nr_
nr
0

C,I
I
p,.

LIJ

QC

LI_

=

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



KSC-DM-3491

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH

t_
LIJ
I--

t_

O
I.t_
O
IJJ

_r3

Z

IJ_
O

IJ,J

.<

O
IJ_

Z

v
0
0
_J

F--
IJ_
<

!
r,,.

LIJ
rY"

(.9

LI..



KSC-DM-3491

LLJ

O
LL
O

LU

U_
Q_
UJ

Z

LL
O

LU

p-
LL

Z

0
0

0

!

e_

Lt-

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



Orbiter TPS Automation Study Final Report KSC-DM-3491

7.1.3.3 KSC Mate/Demata Device

The mate/demate device at KSC is identical to the one in Dryden, California; however, the

oppommity to perform TPS work is dependent on whether or not the vehicle lands at KSC

(future) or is ferried in from Dryden.

If the vehicle is ferried to KSC from Dryden, (present scenario), the opportunity to perform

TI'S work is almost nonexistent because the vehicle is quickly demated and moved to the

OPF to preclude the possibility of letting it get wet by rain.

If, however, landings occur at KSC, (future scenario), the opportunity to perform TPS

work, (possibly rewaterproofing and inspection), might be considered ff a shell or roof

where placed over the mate/demate device to protect it from adverse weather. In this

situation, it might be possible to perform complete rewaterproofmg (tiles and FIB's) away

from crowds of people. If performed on an around-the-clock (24 hour) basis, this

operation could be completed in 2 to 3 days. Concurrent with this operation, a significant

portion of V6028 postflight inspection could be performed.

7.1.3.4 KSC Runway

The opportunity to perform useful TPS work after the ferry flight (present scenario) is

minimal; however, if the Orbiters start landing at KSC (furore scenario) the runway may be

an opportunity to perform work on TPS indifficult to reach areas. The runway at KSC will

entail the same oppommities for reach and access as the Dryden runway(section 7.1.3.1),

however, the chance of rain on the vehicle may force defueling operations to take place

under a roof or sbell. (The KSC mate/demate device may be a good candidate shelter after

all.) TPS work performed in preparation for the fen-y flight would no longer be necessary.

TPS personnel could concentrate on rewaterprooflng and V6028 inspection processes.

Another likely scenario that might take place when Orbiters start landing at KSC is that the

vehicle would be defueled and quickly mo.ved to'the OPF. This would also eliminate the

need to perform work in preparation for ferry flight; however, it would be accompanied by

the risk of exposing the vehicle TPS to rain during defneling.
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7.1.3.5 KSC Orbiter Processing Facilities

The KSC OPF high bays are designed specifically to perform refurbishment operations on

the active components(engines, OMS pods, etc...) and passive componems(TPS, payload

bay doors, etc.). As such, upon rollin to the OPF, the vehicle becomes immediately

surrounded with platforms, scaffolds, and workstands to the forward, mid-, fuselage, and

wing sections. Figure 7-5 illustrates an OPF highbsy just after rollin of an Orbiter. Within

24 hours the Orbiter is jacked and leveled. This process aligns the Orbiter to with 1.5

inches in all axes(XYZ). (The TPS study group performed measurements to verify

accuracy of a typical Orbiter parking, appendix "L")

Key points that can be made about the KSC OPF are:

During the first 48 hours there is clear access to the aft sections of the

Orbiter, afterwards the rolling service structures block access.

Access to mid and forward sections of the Orbiter, slighdy above

fuselage vertical radius, is blocked from the bottomside.

During the first week following OPF Orbiter roliin, the floor is relatively

clear except for jack stands and a few workstands. As work progresses,

the floor becomes more and more cluttered with workstands, lights,

power cords, etc

95 percent of all TPS work is performed in this facility. The duration in

this facility is presently 60 - 70 days.

The environment is clean and climate controtled.

There ate many personnel working on all sections of the vehicle while in

the OPF.

During the last day in the OPF, landing gear is stowed, doors are

closed, and a transporter is moved under the Orbiter
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7.1.3.6 KSC Vertl©sl Assembly Building

Once in the VAB, the Orbiter is rotated to a vertical position and married to the external tank

and launch structure. Figure 7-6 illustrates a VAB highbay looking down toward the Space

Shuttle launch structure, just after the Orbiter has been rotated to a vertical position. In this

illustration, the Orbiter holding fixture and overhead crane are still attached. Key points that

can he made about this facility with respect to TPS processes include:

The Orbiter in a vertical position, which means a very high reach would

he necessary to process the TPS.

TPS work performed in this facility are typically last-minute repairs,

step-and-gap measurements, and some TPS inspection.

Access to the Orbiter's hottomside would he difficult because it is

blocked by access platforms

Access to all portions of Orbiter's topside is clear

The presence of solid rocket boosters (SRB's) may impose special

design requirements
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7.1.3.7 KSC Launch Pads
V

Even after the Space Shuttle launch structure is moved to the launch pads, (39A, 39B),

some TPS work is performed. This includes an inspection of the TPS for ground damage

and some last-minute repairs Figure 7-7 illustrates the Space Shuttle structure at the launch

pad just before actual launch. Key points regarding the launch pads with respect to TPS

wozk include:

• The TPS woxk performed here is minimal and nomepetitive

• The Orbiter is in a vertical position requiring very high reach

Access to the Orbiter topside is limited because the miring service

structure(RSS) covers the Orbiter and payload bay.

Access to the Orbiter bottomside and aft sections is lhnited due to many

obstacles.

Oppommities to perform useful automated TPS work is almost

nonexistent
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7.2 Preliminary Process Review Results

This section discusses the results of the initial review by the TPS study group of the 132

processes that comprised the Orbiter TPS refurbishment cycle. The detailed results of this

review for each of the 132 processes are listed in appendix "A" of this report with "X"s

indicating applicability to process improvement category. A summarization of review

results by process improvement category is provided here:

• Total processes reviewed (9024 - 9026, V60XX) 132

• Information Systen_s 83

Voice Data Entry(55)

Video Database (9)

Digitization(7)

Vehicle Configuration(all-> 132)

Area Access to Vehicle Location (all -> 132)

• Human Performance 35

• Materials and Design 2

• Tools and Mechanisms 9

• Robotics and Sensors 19

While it is not the charter of the TPS study group to design and implement non-

robotic/sensor based automation solutions, some discussion of these process improvement

techniques is warranted to completely address the subject TPS process automation. It is
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also the intent of these discussions to point out that the application of robotic and sensor

based technology will not solve all TPS processing issues, but in fact, is limited to a

relatively small portion of TPS processing when compared to all other process

improvement techniques that could be implemented.

The sections that follow provide a brief explanation of some of the non-robot/sensor

process improvement techniques that could be used to improve the TPS processes. This

section is then concluded with a brief categorization of the TPS processes that includes an

assessment of suitability of robotics for automation these categories of TPS processes.

7.2.1 Information Systems

The TPS study group concluded that "information systems" was the process improvement

technique chosen most often for improving the current TPS processes. "Information

systems" was indicated for 83 of the different TPS processes as the best method for

improving the process. The following briefly discusses the categories of information

systems cited most often for TPS process improvement.

Voice data entry

The foremost thought when reviewing the process procedures was the amount of

paperwork required to perform most processes. Much operator time is spent acquiring

paperwork, (procedures, tables, maps) and filling out paperwork, (OMI's, PR's, DR's,

tile maps, etc...). Significant process improvement efficiencies could be realized by

implementation and use of a "Paperless" system. The voice data entry system developed

and demonstrated by the SPC(Lockheed) could enable these process improvements.

Other"paperless" techniques are available.

Video Data Base

During the initial review process it was discovered that there were 9 processes that entailed

either taking photographs or retrieving photographs prior to performing work. (For

example instrumented tile removal and post flight contamination). In many cases,

photographs needed at KSC OPF may be taken and stored at other facilities. The current

state of computer disk storage and video cameras is at a point where online video databases
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stored on optical disks would enable highly efficient storage and retrieval of high resolution

photographs. A significant amount of time could be saved by online display or printout of

previously taken pictures on strategically located local terminals and printers.

Digitization

Digitization was an automated method identified for 7 different inspection and measurca_nt

tasks. Digitizations could be produced by mechanical methods (bed of nails) or electrical

non-contact methods (topographical sensors). Information systems could be programmed

to post process digitizations of cavities, gaps, steps, etc.., to produce CAD models of items

being measured, and when needed could be displayed as CAD models along with critical

dimensions.

Vehicle Configuration

Much of the TI'S work that is carried out (inspections or repairs) is dependent on whether

there is clear access to a specific region or component on the Orbiter TPS. Personnel access

to many locations may be dependent on flap positions, door positions and whether access

panels or major TPS sections (FRCS) are even present. During daily TPS planning

meetings, "runners" are sent out to the OPF bays to check constantly changing vehicle

configurations, so that daily work assignments can be made. Online realtime display of the

configuration of all Orbiters being refurbished would be an invaluable aide to TPS process

planning and daffy work assignment.

Area Access To Vehicle Location

Area access to specific Orbiter locations to perform TPS work is further complicated by the

fact that other groups may be working in an area (vehicle techs, engr's) and "TPS

processes, having a lower priority, must wait for access to perform work. In addition,

structures may be blocking access. Schaffolds may not be in place or perhaps access with

work stands may be blocked. Online display of these and other conditions could expedite

TI'S planning and work assignments significantly. The ability to plan for and make

adjustments to the TPS processes, based on vehicle TPS area access would be an

invaluable asset and reduce planning complexities and day to day work assignments.
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7.2.2 Human Performance

Improvement to human performance could affect improvement to the elapsed time of 35

different TPS processes. These processes entail all work performed to the bottom side of

the Orbiters in an overhead fashion, while standing on a scaffold or workstand. The

ongoing UCF process improvement studies, covering the design of improved workstands,

would prove beneficial for improving human performance, and thereby result in TPS

process improvement. These goals would be met by providing a less fatiguing, well

organized, comfortable platform from which to perform overhead work, with

considerations given to tool proximity, body position and visual fatigue.

7.2.3 Materials and Design

While the materials and design of the Orbiter TPS is now "fLxed", with little chance of

change, 2 materials issues were noted that could result in TPS process improvement.

Practically all TPS materials are bonded to the Orbiter using Room Temperature Curing

Vulcanized Rubber or RTV. The common cure time for RTV is at least 8 hours. Speeding

up the cure cycle by the addition of a catalyst, the application of heat or some other means

could save considerable process time while performing many TPS bonding and fabrication

processes.

Finding a permanent TPS rewaterproofing chemical would eliminate the need to

rewaterproof both tiles and FIB's during each Orbiter flow. This would reduce TPS

process time significantly.

7.2.4 Tools and Mechanisms

The design of more efficient and accurate hand held tools, fLxtures and mechanisms was

noted as a process improvement oppommity for 9 different TPS process procedures.

Generic, adaptable bonding and bond verification tools were included as potential

candidates for process improvement, as well as, some inspection and measuring devices.

Design and implementation of these recommended tools would enable reduced

tool fabrication that presently requires many hours per tool, improved accuracy for some
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tools and enable reduced TPS component customization for other tools. All represent

reduced labor hours and process efficiency gains.

7.2.5 Robots and Sensors

The application of robot and sensor based technologies for automation was considered

possible for 19 different processes during the initial TPS process review. The following

summarizes the 132 TPS processes reviewed into general categories and discusses the

applicability of robotics to those categories.

1. General surface coverage motions.

(Non-contact: painting, spraying.

Contact: adhesive application, cleaning, sanding.)

Nearly all of these tasks involve application of chemicals to the surface of the tiles. While

the specific motions may he different such as painting or adhesion, both operations involve

close proximity control of motions. (Waterproofing is not included here because it is

significantly different in that a specific point on the surface must be identified, applicator

positioned, and a tool placed stationary on the tile.) A distinction is also made between

contact and non-contact due to the very different control schemes needed for accurate

quality operations by either a human or a rohot device. Contact forces must be kept small to

prevent damage to the Thermal Protection System. Thus greater control is required for

contact operations.

A robotic ann strategically placed can provide the motions needed to carry out most of

these kinds of tasks. It is not clear that this would be any faster than presently

accomplished and the setup time may increase for a given operation. However, offboard

operations in shops may find these capabilities useful.

2. Precise cutting or tracing operations.

(Making and machining of patterns and molds.)

Many operations involving the fabrication or gap f'dlers need accurate dimensioning for

fitting. CNC tools can and do provide the precise cutting operations needed. For tile
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replacement it is currently a week-long process of measuring, curing, fitting, gluing arid

refitting. Given accurate measurements and knowledge of the materials involved, it seems

that a single pass should result in a propedy fit tile or gap fdler. If it is a matter of precision

then high-tolerance parts can be made through traditional machine-shop techniques.

The use of a robotic device seems to have no direct benefits here, other than for

assisting in accurate making measurements.

3. Accurate measurements.

(Inspecting, dimensioning and measuring)

The cutting and machine operations require highly accurate dimensioning of parts.

Feeler gages, rulers, cavity measurements, material thickness gaging are all part of the

measuring process. While these axe currently contact measurements, some of them like step

and gap, tile cavity and gap filler cavities, can be done thru non-contact means such as

scanr_g.

This set of tasks shows great promise depending primarily on sensor specifications.

Identification, distinguishing color or shading and small dimensioning of irregular

materials; are not easy tasks, however, can be accomplished with current technology.

Force application.

(Tile bonding, gluing, damping. Also Tile removal and bond test.)

For curing and drying of newly installed tiles, a sufficient pressure must be applied

over time to insure a quality bond between tile and other surfaces. This is within the

capability of a robot device but is overkill for a problem solved by the use of a simple

flexible fixture. While some force application tasks use compression others such as tile

removal or bond test use tension. Pulling forces are applied to the tile to test adhesion and

also to remove the file. Both of these involve relatively high forces over a short period of

time. Again, the positioning of a robotic device to perform these operations on a contact

bas_ does not appear to outweigh the simple handheld devices or fixturing mechanisms to

remove tiles or test tile adhesion.
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Chemical injection.

(Rewaterproofing)

A small amount of chemical solution is injected into each tile to prevent water

absorption by the porous tiles. A small hole is found in the tile and the tip of the injector

placed over the hole and the chemical injected. There is a significant safety issue with the

chemical used. Personnel have to be trained and use respirators and safety clothing to carry

out the operation. Additionally, the area around the Orbiter is usually cleared during this

operation due to the hazards involved. This makes the operation far more tractable for a

free-ranging robotic device.

7.3 Potential Robot/Sensor Applications

After careful review of all TI'S inspection and refurbishment tasks by the TPS study group,

it was decided that there were nineteen that could potentially be automated using robotic and

sensor based technologies. This section discusses in depth each of the potential processes

selected.

The details discussed for each of the candidate processes include at first some background

about how the current process evolved to its present practice for those processes that have

been improved. A description is then provided on how each process is presently performed

to include: setup, tools ,where, by whom and other related data. Information supporting

the process descriptions was derived from interviews, observations, training and in some

cases hands on experience. Also discussed for each process are details regarding human

safety, certifications, required accuracies, documentation and quality and reliability issues

when appropriate.

Known quantitative and qualitative data are then presented for the current method of

performing each process. A significant amount of time was spent collecting, analyzing and

summarizing this information so that a true measure of the current process could be

documented.

Each section also contains a description of how robotics and sensor based technologies

could be applied to automate the process. This discussion also includes quantitative and

qualitative data enabling assessment of potential automation benefits.
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Each process presented concludes with a recommendation from the TPS study group

whether or not to include the requirements for the process when designing the initial

automated system, along with justifications for decisions made. These decisions were

based on information that was available at the time of this report and may be subject to

change as further work is done during the next phase of the project.

7.3.1 Tracer Pattern Fabrication(P102)

This process is described in detail in MLO601-9024 process 102. It is more commonly

referred to as a "SPLASH" by TPS personnel.

7.3.1.1 Current Process

A "SPLASH" consists of creating a plug pattern of a tile cavity for tile machining, or to

provide the actual configuration for tile replacement. This process is most commonly

performed for creating a tile replacement pattern, primarily when the tile is blocked on four

sides by adjacent tiles or other TPS components, and the previous tile was destroyed or

damaged beyond use. Appendix "C" illustrates in detail the present flow of the tile remove

and replace process, and when a "SPLASH" is performed.

The process is performed primarily in the OPF facilities at KSC during the normal TPS

refurbishment cycle (section 6.2.3). However, it can be performed at any time during an

Orbiter flow. To perform this process, TPS technicians must wear protective Clothing(ie

goggles/face shields, organic respirators, gloves...), have a current medical certification

and obtain certification by taking formal training classes.

The process entails lining the cavity with an approved plastic t'tim, t-filing the cavity with

foam blocks and uncured foam, allowing the foam to cure, and then trimming and filling

the resulting pattern to meet OML step & gap requirements. The pattern is then identified

and sent to the TPS back shop where it is used as a guide for making a new tile.

Fabricating a new tile entails a machining operation using using a gunstock cutter. During

this operation the plug pattern is traced along each surface while a rotating diamond studded

mill performs matching cuts on a block of tile material. The process also consists of

performing a host of coating, curing and marking processes. In addition to using the plug

7-27



Orbiter TPS Automation Study Final Report KSC-DM-3491

pattern for tile fabrication, the pattern may also be used for fabrication of a tile specific

bond verification chuck (section 7.3.7) and a tile specific pressure pad (appendix "C" - tile

installation). The pressure pad is used to bond the tile to the Orbiter, while the bond

verification chuck is used to mate with the tile during the bond verification process.

7.3.1.2 Quality and Reliability

The fit of the newly fabricated tile is very critical. The resultant steps and gaps must be

consistent and accurate within a few thousandths of an inch. Tile gaps may range from

.000 to .250 depending on location. Tile step heights must he held flush to less than .010

", especially on forward facing edges (MLO601-0001). The outer mold line of the tile

must follow a smooth contour to preserve aerodynamics as specified by the waviness

criteria of MLO301-0010.

7.3.1.3 Quantitative Data

TPS personnel indicate it takes about 8 hours to fabricate a SPLASH pattern from set up to

completion using present techniques. A review of planning data indicates there are normally

about 35 - 40 splashes performed per flow. Although fabrication of a new tile from a

splash takes about 40 - 44 hours, the initial machining operation takes only a few minutes.

Much of the time spent fabricating and installing a new tile is spent coating, curing and

performing densification of the tile surface. A large portion of the time is also spent

performing "PRE-F1T" checks in the actual tile cavity and then sanding the tile surfaces to

achieve a good fit.

7.3.1.4 Application of Robotlca/Senaors

The "SPLASH" process could be automated by using a three dimensional (3-D)

topographical sensor to perform a digitization of tile cavity to be titled, provided the

digitizer could be accurately positioned and held steady during the process The digitized

data would then be loaded into the existing CAD system (CADAM/CATIA), where outer

mold line (OML) surface data would be added to produce a (3-D) solid model of the

replacement tile. This model would then he further processed to produce numeric control

(NC) commands that could be used to drive the newly acquired five(5) degree of freedom

(DO1D milling machine procured specifically for machining replacement tiles. Previous

studies have shown that accurate 3-D digitization of tile cavities is feasible. Figure 10-1
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(section 10) illustrates a CAD view of a 3-D digitization recently performed on an actual tile

cavity using a "Hymarc" 3-D topograghical laser-based sensor in a laboratory environment.

By mounting the 3-D topographical sensor to a positioner mechanism, the topographical

sensor can be autonomously positioned to digitize the tile cavity. A mobile robot would be

ideally suited to position to the cavity, position the tool the right distance from the cavity

and at the correct angle, and enable the digitization of the cavity.

A conservative estimate of how long it would take to perform an automated cavity

digitization from setup to completion is 30 minutes, assuming the robot would have clear

access to the vehicle at request time. Within minutes of completion, a solid model of the tile

could be created and NC commands could be loaded into the 5 DOF miUing machine.

Speculation is that higher precision dimensions could be achieved via autonomous cavity

digitization than is currently achieved by performing the splash process. Higher precision

would result in improved step and gap accuracy, better fit and reduced prefit rework.

7.3.1.5 TPS Study Group Decision

Automation of this process appears both justifiable and technically feasible. Significant

productivity increases could be realized by automating this process. In addition, tile

geometric precision improvement could be realized, resulting in improved gap accuracy,

better OML match and reduced prefit rework, however, some further testing is required to

verify this point.

It is the decision of the TPS study group to include the requirements for this process when

designing the system for use in automating the Orbiter TPS processes.

7.3.2 Tile Rewaterprooflng (Pl13)

This process procedure is described in detail in MLO601-9024 process 113. The

maintenance procedure and drawings of the tile rewaterproof'mg tool are defined by

LR4272-001. The material safety requirements for the tile rewaterproof'mg chemical

dimethylethoxysilane (or DMES) is described in KSC Material Safety Data Sheet CAT.

NO. D5635:113.
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7.3.2.1 Background

The process of rewaterproof'mg the Space Shuttle HRSI and LRSI files occurs after each

space flight. (Original specifications for Space Shuttle tiles called for permanent

waterproof'rag. However, to date no material has been developed that does not lose its

hydrophobll characteristics after experiencing the high temperatures encountered during

Orbiter re-entry into the earths atmosphere. )

Waterproofing of tiles is necessary due to the strong propensity of the tile material to

absorb water. A Shuttle tile is comprised of bonded silica fibers and is extremely porous,

in fact, greater than 95% air by volume. This makes it a very good light weight thermal

insulator, however, also makes it capable of absorbing water to 95% of its volume. As a

demonstration, the average tile (6" X 6" X 2") can readily absorb and retain more than 9

small cups of water in just a few minutes, more than tripling its own weight. Because the

Orbiters may be exposed to rain while being transported between facilities and on the

launch pads, rewaterproof'mg of tiles must be accomplished early in the Orbiter

refurbishment flow to prevent water absorption.

Water in the dies poses two threats to the Orbiter:. 1) additional weight may cause tile bonds

to fail, 2) water in the dies in space would freeze causing damage to the silica based tries.

The first method used to waterproof Shuttle tiles was the external application of a

waterproofing chemical. The entire Orbiter surface was sprayed with aerosol cans of

"SCOTCHGARD". The process was messy, yielded an inconsistent uneven coating, was

unhealthy and caused problems with some of the non-die TPS components. The application

of Scotchgard was also a poor waterproofing technique because it was only a surface

treatment.

The second method attempted for rewaterproofmg tries entailed making a hole in each tile

and injecting each die, (using a hypodermic needle,) with an organic saline solution. This

method was very labor intensive. While this technique resulted in a more water resistant

tile, it was later discovered that the original chemical selected had the long term detrimental

effect of attacking and deteriorating a critical TPS component caged SCREED. This RTV

based material is used to smooth out rough or stepped surfaces on the Orbiter skin before
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tries are bonded on. This material mismatch led to replacing literally thousands of tries.

Tries had to be removed, the SCREED removed and replaced and then the tries rebonded.

As a result, the following requirements evolved for the rewaterproofmg material: 1)

waterproofing material must be internally applied(ie not a surface treatment), 2) it must be

totally compau'ble with all TPS components (ie RTV, screed, heatsinks, SIP, etc...), and 3)

it must be easy to apply and safe for human exposure. Some 70 to 80 organic saline based

chemicals were reviewed and tested to find one that would meet the criteria. FinaLly

dimethylethoxysriane (DMES) was selected for immediate use, primarily due to its

compatibility with TPS components. DMES was found to have excellent waterproof'mr

characteristics, however, like all organic saline compounds, it has a tendency to evaporate

out of tries to a depth of about 3/8" when exposed to temperatures higher than 1050 °F.

(bottomside hrsi tiles are exposed to greater than 2500 °F during Orbiter re-entry. See

figure 7-8) As a result, rewaterproofmg of tries after each Orbiter flight must still be

performed.

Another drawback to DMES is human safety. DMES has not been used in industry and

hence complete testing for short and long term exposure effects on human beings is

unknown. In addition DMES is flammable.and has a flash point of -5 o C. It actually bums

with a very low blue flame similar to alcohol. This is because ethanol is one of the primary

byproducts when exposed to the atmosphere. DMES also reacts when it is exposed to

water. For this reason, tiles must be completely dry before rewaterproofing with DMES.

Several studies, in both universities and in industry, have been sponsored by NASA over

the past year to find a rewaterproofmg chemical that is both compatible with the Orbiter

TPS materials and yet will last through Orbiter atmospheric re-entry. No one has been

successful to date. It is believed that DMES will be the rewaterproof'mg chemical

throughout the life of the current Space Shuttles. As a result, NASA Johnson Space Center

(JSC) is soon to perform laboratory testing to determine both the short and long term

effects of human exposure to DMES, as well as establish the threshold limit values (TLV)

for human exposure. Until these tests are concluded, KSC TPS personnel will be required

to treat DMES with extreme caution, minimizing human exposure to the greatest extent

possible.
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Current Method

c= m m=hod for rewaterproofing a Shuttle tile entails injecting a small amount of

DMES into the tile using a nitrogen pressurized (50 psi) needleless gun. During early

testing it was determined that approximately 1/2 ml of DMES is required to rewaterproof a

standard size tile(6" X 6"), however, a minimum of 2 ml is currently specified to insure

(400% safety factor) an adequate amount is present in each tile.

TPS personnel indicate greater than 90 percent of Shuttle tiles are currently rewaterproofed

in Dryden, California, during the 5 day preparation for ferry flight. Rewaterproofing

operations are typically performed after the vehicle is safed (all fuels removed), parked in

the mate/demate device and only during third shift( 12:00 pm to 7:00 am). Reasons for the

odd shift are primarily shop safety.

Prior to tile rewaterproofmg, Safety is contacted to establish a 10 foot clear zone and

Environmental Health is notified, however, they need not be present. TPS technicians also

must cover those tiles that have been previously shaved or that have had extensive OML

surface rework with an approved plastic film. This is roughly 100 tiles for the Orbiters

observed.

The tile rewaterproofmg process begins by first obtaining all necessary materials and tools

to include: tile maps, safety equipment, needleless injection gun/harness and a nitrogen

pressurized container of DMES. The injection tool is then inspected and purged, loaded

with DMES and adjusted to release 2 ml plus/minus .2 ml of DMES on depression of the

trigger.

The TPS technician then moves a work stand under the Orbiter to start work on a group of

tiles, climbs up the stand, and one by one finds the hole in the tile, places the injection

nozzle over the tile hole with about I0 lbs of pressure and using his/her other hand

squeezes the release trigger located on the injection tool belt. (see figure 7-9 injection tool).

The release trigger and nozzle are held in place until an injection buzzer StOps sounding.

The injection cycle itself lasts about 3 - 4 seconds with 1 second required to force in the

DMES, followed by 2 - 3 seconds of high pressure nitrogen only, needed to force the
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DMES deeper into the tile material. The process is not a clean one. The nozzle must be

held near perpendicular to the tile surface, but even with experience some DMES still

manages to squirt out and run down the arms of operators, especially on tiles that have

uneven or crusty surfaces.

Tile rewaterproofmg is typically carried out by two people per rewaterproofmg tool. One

person carries a tile map of the area being worked on and highlights each tile as it is

waterproofed. This approach prevents the tool operator from losing track of which tile

he/she left off at This higldighted map then serves as documented proof of which tiles have

been processed. The second person of the pair actually performs the rewaterproof'mg and

the two alternate each hour or so because the actual injection process is typically overhead

work and very fatiguing.

7.3.2.3 Human Safety

TPS technicians who perform tile rewaterproofmg are required to have a current medical

certification. When performing the process technicians must wear safety approved

faceshields/goggles, half-face air purifying organic vapor respirators, safety approved

smocks/coveralls and solvent impermeable gloves. Safety establishes a I0 foot clear zone

around tile rewaterproofmg operations. Practically all tile rewaterproofmg operations are

performed on third shift (12:00 pm to 7:00 am). This is to prevent exposure to DMES by

co-workers and because of the unpleasant smell of DMES.

7.3.2.4 Quantitative Data

TPS operations personnel indicate it takes six(6) technicians five(5) days to perform tile

rewaterproofing on about ninety(90) percent of the Orbiter tiles at Dryden, Califomia.

7.3.2.5 Certification

TPS technicians are required to attend a 16 hour training class to become certified for tile

rewaterproofmg. About 12 hours is classroom work, while 4 hours is actual hands on

training. Two members of the TPS study group attended this class to become more

knowledgeable about the process and experience the hands on use of the rewaterproofmg

tools. This required both medical certification and organic vapor respirator training and

checkout.
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7.3.2.6 Application of Robotics/Sensors

The tile rewaterproof'mg process is an ideal candidate TPS process for automation. Tiles

are laid out as a grid covering the skin of the Orbiters and tile locations are defined by XYZ

coordinates relative to the Orbiter axis system. Rewaterproof'mg of tiles is a "step and

repeat" process whereby a mobile robot with the appropriate end effector could: 1) move to

a zone (group of tiles), 2) establish a reference frame relative to tl_ Orbiter reference frame,

3) position the end effector at an approach point slighdy away from the cenlzoid of the tile

OML, 4) position to tim tile rewaterpmofmg bole, 5) inject 2 ml DMES, 6) position to next

tile and repeat, 7) position to next group of tiles and repeat.

Preliminary studies have shown that automating the tile rewaterproof'mg process using

robotics and sensors is low risk and quite feasible. Locating the tile rewaterproof'mg hole

using a 2-D vision and/or 3-D topographical sensor has been tested and is proving feasible.

Design concepts for a closed loop, accurate, automated rewaterproofing tool that captures

excess DMES is progressing well. (section 10.1.2). Several designs are under

consideration that insure DMES does not leak out during high pressure needleless injection.

Flow meters will measure exacting amounts of DMES injected in each tile. Force/Torque

sensors and built in compliance wiU be an integral part of the end effector to insure precise

and consistent tool pressure, far more accurately and consistently than by humans.

Preliminary estimates of how long it will take to perform a mobile base move and establish

a reference frame is about 20 to 30 seconds. Estimates of how long it will take to perform

an automated tile rewaterproof are about 10 seconds (first pass) and 6 seconds (second and

subsequent passes). First pass includes locating and recording the position of the

rewaterproofmg hole relative to the tile centriod, as well as injecting DMES. Second and

subsequent pass includes injecting DMES only using previously recorded offset

information. Assuming the robot reach is sufficient to process tile groups of I00 tiles per

base move, the estimated time required to process 20000 tiles on fLrst pass would be

approximately 56 hours, or 7 days woddng 8 hour shifts. The estimated time required to

process 20000 tiles on second or subsequent passes would be 35 hours or just over 4 days

working 8 hour shifts.
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The current manual method requires six(6) technicians about five(5) days to accomplish the

same task. These technicians could be used tO perform flexible insulation blanket (FIB)

rewaterproofmg (see section 7.3.3) during the same time that autonomous tile

rewaterproofing is taking place. This process is equally critical to the Orbiter TPS,

however, is not currently performed until after the ferry flight to KSC.

Besides the significant productivity improvements achieved by automation, there are

additional benefits. The most significant advantage is the reduction of human exposure to

the toxic rewaterproofmg chemical DMES. Although formal test results defining the

toxicity of DMES will not be available for some time, preliminary studies exposing

laboratory rats to significant doses of DMES resulted in death to the rats. In addition, the

physical act of rewaterproofing bottomside tries itself is somewhat risky and exposes the

workers to risk of falling.

Another significant advantage of autonomous tile rewaterproofing could be realized if the

positioner system could be made explosion proof. In this case the system could perform

work on the Orbiter during sating or defueling operations. This represents about a 16 hour

window of opportunity to perform work that could not be carried out by humans due to

safety considerations and the presence of hypergols.

As a fmal consideration, there are tentative plans to start landing the Orbiters on KSC

runway in Florida as early as next year. (New brakes have been installed and tested on

some Orbiters already, to enable KSC landings.) As long as vehicles were landing in

Dryden, California, the risk of exposing non-waterproofed TPS to rain was minimal,

however, it has been known tO rairt in Florida. Having a method to rapidly rewaterproof

tiles prior to exposure to rain could mean saving weeks of flow time. Previous Orbiters

exposed to rain, (and one time the OPF water deluge system), required that the Orbiters

spend several weeks in the OPF under hundreds heat lamps in order to dry out the TPS.

7.3.2.7 TPS Study Group Decision

It is the decision of the TPS study group to include the requirements of this process when

designing the initial system for use in automating the Orbiter TPS processes. Significant

labor savings, improved shop safety and low risk system design are the primary motivating

factors for this decision.
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7.3.3 FIB Rewaterproofing (Pl14)

This process procedure is described in detail in MLO601-9024 process 114. The

maintenance procedure and drawings of the flexible insulation blanket (FIB)

rewaterproofing tool are defined by the document LR3684-001. The material safety

requirements for the FIB rewaterproofing chemical dimethylethoxysflane (DMES) are

described in a KSC Material Safety Data Sheet CAT NO. D5635:113.

7.3.3.1 Background

The background for rewaterproofing FIB's follows very closely with tile rewaterproofing.

(see section 7.3.2.1) FIB rewaterproofing was originally the external application of

"SCOTCHGARD', later followed by the internal application of an organic saline that was

incompatible with SCREED. Finally, the present method entailing the internaJ application

of DMES was adopted and is currendy in use

7.3.3.2 Current Method

Flexible insulation blankets (FIB's) differ from tiles in many ways and yet have many

common characteristics and requirements. FIB's are much thinner (approximately 3/8" -

1/2 "), cover large areas, and are only exposed to Orbiter re-entry temperatures 1500

degrees Fahrenheit and below. They ate typically located only on topside locations of the

Space Shuttles to include the fuselage, payload bay doors and vertical stabilizers, etc. The

FIB material is a low density silica fiber batting sewn between two woven glass fabrics.

Waterproofing materials also vaporize from FIB's on Orbiter re-entry and therefore FIB's

must also be rewaterproofed during each Orbiter flow.

Observations at the OPF and a review of TPS schedules indicate that all FIB

rewaterproofing occurs during the normal TPS refurbishment cycle at KSC Orbiter

Processing Facilities (OPF). (see section 6.2.3). As with tile rewaterprooflng, all work

with DMES is perfom',ed on third shift (12:00 PM to 7:00 AM). While the chemical used as

a waterproofing agent for FIB's is the same as for tiles, the method of application is much

more complex to automate.

Prior to FIB rewaterproofing, Safety is contacted to establish a 20 foot clear zone.

Environmental health is also notified prior to starting work, however, need not be present.
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The FIB rewaterproofing process begins with the acquisition of all needed materials and

tools to include: FIB maps, safety equipment, injection tool, plastic film, tape and a

nitrogen pressurized container of DMES. FIB's are then covered with a plastic film that is

taped in place. "X's" are then marked on the trdm on approximately 4 inch centers. Prior

to injection, the needle bearing injection tool is purged, loaded with DMES and then

adjusted to release 2 ml plus/minus .2 ml of DMES. on depression of the trigger. (see

figure 7-10 illustrating current tool)

The injection of DMES entails placing the hand held injection tool on top of the plastic film

in the areas denoted by the "X's" and depressing the trigger. A small hypodermic type

needle punctures the plastic film and goes into the FIB material about 1/8 " and pressurized

nitrogen forces the DMES into the material. Each injection takes about 3 to 4 seconds.

After a complete FIB has been injected, the time and date is marked on the plastic fdm and

the TPS technician must wait 24 hours before the f'dm can be removed.

7.3.3.3 Human Safety

TPS technicians who perform FIB rewaterproofmg are required to have a current medical

certification. When performing the process technicians must wear safety approved

faceshields/goggles, half-face air purifying organic vapor respirators, safety approved

smocks/coveralls and solvent impermeable gloves. Safety establishes a 20 foot clear zone

around FIB rewaterproofing operations when DME3 is being injected. Practically all FIB

rewaterproofing is performed on third shift(t2:00 pm to 7:00 am) to minimize exposure to

DMES by personnel.

7.3.3.4 Quantitative Data

Discussions with TPS personnel and observations made in the OPF indicate that FIB

rewaterproofing takes 5 days using 6 TPS technicians, working third shift only.
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7.3,3.5 Certification

The same 16 hour class required for certification for tile rewaterproofing covers

certification for FIB rewaterproofing.

7.3.3.6 Application of Robotics/Sensors

The FIB rewaterproof'mg process appears to be a relatively good application for

automation, but is somewhat more complex than tile rewaterproofmg. To begin with, TPS

technicians would still be required to apply the plastic film to all of the FIB's. This portion

of the process consumes more time than the actual injection of DMES. Once the fdm is in

place, a robotic system could be programmed to position to each FIB using Orbiter CAD

data. The robotic system could also be programmed to perform a step and repeat DMES

injection process on 4 inch centers without the need for the "X's" on the film. The

automated tooling to inject the DMES would be simpler to design, as compared to the tile

rewaterproof'mg tooling, because there would be no concerns about DMES squirting out or

not going into the material.

The biggest design challenge to automating this process would be access. Positioner

mechanisms would most likely have to be overhead gantry or suspended type mechanisms

capable of long reach over large area. Facility modifications for required construction

would significant and cosdy. In addition, such a posifioner would be designated for use

only in the particular facility where it is resident.

7.3.3.7 TPS Study Group Decision

It is the decision of the TPS study group to not include the requirements for this process in

the initial system design for TPS automation. The primary reason for disqualification at

this time is the large reach required to automate the process, that would require significant

facility design modifications.
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7.3.4 Tlle Bondlng (P301)

This process is deacribed in detail in MLO601-9024 process 301.

A complete flow diagram of the tile installation process can also be found in appendix "C"

of this document. The area of interest of this process is not the entire tile installation

procedure (P301), but instead is limited to gnJ3Lthe f'mal bonding of the tile to the Orbiter.

7.3.4.1 Current Process

After a tile has been fabricated, all prefit checks made and the strain isolation pad (SIP)

attached, the tile is ready to be bonded to the Orbiter. The three specified methods for

applying pressure to the file while the RTV is curing include: I) bagging with a plastic film

and &awing a vacuum, 2) dead weight loading with shot bags(topside files only) and 3)

the most common method, which is applying positive pressure using stands or fixtures and

reactive tooling. Positive pressure bonding probably accounts for over 98% of all

replacement file bonding.

In order to perform positive pressure bonding, fabrication of a tile specific pressure pad is

necessary. The pressure pad is fabricated from calibrated foam pad bonded to a 1/2 inch

thick Plexiglass backing plate with a threaded hole for attaching to reactive tooling.

The contour of the pad and the shape of the circumference of the pad must very closely

match the OML of the tile to insure an even distribution of pressure on the tile when

bonding. It is important to note that a file is very fi'agile and that the maximum amount of

surface contact is desired when bonding a tile to the Orbiter. It is also important to note that

during bonding the direction of the force must be held normal to the IML bond surface.

Pressures applied during bonding are: 1 to 3 psi for acreage tiles, 2.5 to 3 psi for

instnmaented files and 4 to 5 psi for tries abuting spring loaded thermal barriers. This

correlates to 36 to 108 pounds of force required when bonding an average 6" X 6" acreage

file. The actual force needed is applied by a pressure pad attached to one of several

different types of fixtures which in turn are attached floor stands, vacuum fixtures or

scaffolds. Force is generated by tightening reaction screws until the pressure pad is

compressed to a pre-determined specified thickness. The pressure is then held constant for

a period of 8 hours while the RTV used for bonding cures.
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7.3.4.2 Quantitative Data

A review of past Orbiter flow data and a review of the TPS planning schedules for several

Orbiter flows, reveals tile bonding to occur on the average of about 70 - 80 times per flow,

with the count ranging from a low of 39 bonds to a high of 499 bonds for the flows

reviewed. Estimates of the time required to fabricate a tile bond pressure pad (4 to 6

hours), set up fixturing and apply pressure (1 to 2 hours @ 2 people), cure RTV (8 hours).

7.3.4.3 Application of RobotleslSensors

The tile bonding process could be automated using presently available robotics and sensor

technology with minimal risk. A conceptual robotic mechanism would be equipped with a

force/torque sensor to provide closed loop feedback of the amount pressure applied.

The end effector could simply accept the currently used pressure pads and sticky-back tape

to hold the tile or be a universally self adapting mechanism(for example a bed of nails with

vacuum tips and variable shutter mechanism). The positioner mechanism could use Orbiter

CAD (master dimension DB) data to position to the cavity, calculate the correct pressure

force based on tile OML surface area and apply the correct directional force much more

accurately than present techniques.

Positioning to a tile cavity using existing CAD data has been studied (appendix "L") and

can be easily accomplished, especially if coupled with a vision camera. Calculations for

determining applied pressure and force vector direction are straightforward.

A limitation to automating this process is that the system would not be able to handle

captive gap fillers without human intervention, however, these tiles are a minority.

Another limitation of the concept is that tiles having non-planar geometries might represent

a significant challenge to tool design. Although these tiles are also a minority, they seem to

be located in positions that are very prone to shop induced damage such as comers, access

panels, etc... A limitation that might significantly impact the usefulness of the system is

that it would be designated to the task of holding a tile in place during the entire cure cycle,

not allowing it to perform any other useful work.
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7.3.4.4 TPS Study Group Decision

It is the decision of the TPS study group to not include the requirements of this process

when designing the initial system for automating TPSrprocesses. While the automation of

this process is relatively low risk, the group feels it is a significant overkill for performing a

task that can easily be accomplished by other means. Significant productivity increases

might be realized by simply designing a generic, directly attachable pressure pad tool that

could accept most all tile configurations, as opposed to the present technique of fabricating

a unique pressure pad for each tile bonding.

7.3.5 Diced Tile Bonding (P302)

The process procedure for replacement of undensified diced tile segments is described in

detail in MLO601-9024 process 302. Diced tile are actually small thin tiles approximately

.200" to .800" in thickness. They are organized in a matrix fashion on mats, with the key

advantage of being able to conform to rounded surfaces. The temperature ratings for diced

tile segments is the same as for FIB's at a maximum of 1500 o F. They are located on

topside surfaces of Orbiters where only a few still exist, however, have been replaced on

newer Orbiters by the use of FIB's (section 7.3.3). The area of interest of this process is

not the complete remove and replacement process, but instead limited to only the f'mal

bonding of the diced tile segments.

7.3.5.1 Current Method

After a diced tile segment has been fabricated, all prefit checks made and SIP refurbished, it

must be bonded to the Orbiter using techniques similar to HRSI tile bonding(see section

7.3.4). The most common method of diced tile bonding is the use of positive pressure

applied by using a calibrated pressure pad and fixturing similar to an HRSI tile. Pressures

required are 1 to 3 psi and because diced tile segments are small a require force of only 5 to

15 pounds is necessary during bonding.

7.3.5.2 Quantitative Data

Diced tile segment replacement and bonding occurs very infrequently, probably less than

20 times per flow and only on two of the operational Orbiters. The actually bonding

process takes just over 10 hours from set up to complete cure.
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7.3.5.3 Application of Robotics/Sensors

The diced tile bonding process could be automated with minimal risk,using presently

available robotics and sensor technologies/n a fashion s/milar to bonding HR3I tile(section

7.3.4.3). However, because the diced tile segments are located on the Orbiter top side

locations, robotic positioner reach may require significant facility modifications to

accomplish. (see section 7.3.3.6)

7.3.5.4 TPS Study Group Decision

It is the decision of the TPS study group to not include the requirements of this process

when designing the initial system for automating TPS processes. Reasons for

disqualification at this time include: 1) the low frequency of this process being performed,

2) costly facility modifications that might be required and 3) the significant overkill of using

a complex mechanism to do a simple task that can be accomplished by other means.

7.3.6 Tile Step and Gap Measurements (P310)

This process procedure is described in detail in MI.,O601-9024 process 310. The detailed

requirements for tile step heights, gap widths and general Space Shuttle surface roughness

are described by MLO601-0001. Appendix "B" of this report provides a complete list of

all referenced documents, prior studies and previous work performed to automate the tile

step and gap measurement process.

7.3.6.1 Background

The gaps between the Space Shuttle tiles must be very precise to allow the right amount of

expansion and contraction during temperature extremes, without crushing or cracking the

brittle tile surfaces. The gaps vary in width (.000" to .415") and filler material, depending

on tile thickness and location on the vehicle, but are designed to seal, blocking heat flow

during re-entry.

The surface to surface height between any two adjacent tiles is referred to as the tile step

height. The combination of all tile step heights gready affects the overall Space Shuttle

surface roughness, which in turn greatly influences the Shuttles aerodynamics. Of greatest
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concem are forward facing tile step heights, while tile step heights may range from .000" to

.250", maximum step heights are determined by location on the vehicle and whether a step

is forward or aft facing.

Too large a tile gap or forward facing step could cause heat to flow down to the Orbiter

substrate which is predominantly aluminum. While the melting point for aluminum is

around 1200 o F, bottom side temperatures exceed 2500 ° F during Orbiter reentry. The

consequences of an incorrect tile step or gap could prove catastrophic.

7.3.6.1.1 Original Tile Step and Gap Requirements

Figure 7-11 summarizes the original tile step/gap measurement problem. The original

methods for measuring tile steps and gaps were accomplished with feeler gauges and

trammel tools with a resulting accuracy of greater than plus or minus .010". Measurements

were subjective and resulted in inconsistency from one measurement to the next.

A research and development project was sponsored by NASA to enable

LOCKHEED(Space Shuttle Contractor) to design a tile step and gap tool that was faster

and more accurate. The original handheld tool developed incorporated the use of a light

stripe laser and vision camera. While improving measurement accuracy, the number of

measurements was also reduced from 48000 to 24000 using the new tool. The first

prototype was demonstrated in the OMRF March 1988 and later certified by

ROCKWELL/$SC in September 1988.

7.3.6.1.2 Automated Tool

Work continued with the newly developed tile step and gap tool in several areas including:

additional capabilities, integration with robotics and use in Shuttle TPS processing.

Based on the success of the original laser tool for tile step and gap measurements,

development work was continued by LOCKHEED, under the sponsorship of NASA, to

further develop an automated tool. A new tool was developed that used the same laser and

camera technology as the original tool, but in addition,, projected several laser strips across

intersecting gaps and simultaneously measured all steps/gaps required for tile comer

measurements. The first prototype of this tool was demonstrated in February of 1989 and

resulted in a further reduction of measurements to 12000 from the original 48000.
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At the same time, work was being carried out in KSC's Robotics Application Development

Laboratories (RADL) in preparation for integrating the new laser based tile step and gap

tool to a robot. Working under the leadership of NASA KSC's special projects group in

charge of robotics, BOEING AEROSPACE (Engineering Support Contractor) and

LOCKHEED (Shuttle Processing Contractor) teamed up to: 1) Fabricate a mock-up of a

Shuttle tile covered section, 2) integrate the newly developed laser based tile step and gap

tool with an existing six(6) degree of freedom ASEA IRB90 robot , 3) successfully

demonstrate autonomous non-contact measurements of the step and gap using the

combination.(January 1989) Videos of this demonstration and are available for

review.(This demonstration motivated the writing of a formal RTOP, which ultimately

became the funding source to perform this TPS study.)

7.3.6.2 Current Method

At present, most of the required tile step and gap measurements occur near the end of the

TI'S repair and refurbishment cycle (see section 6.2.3) in the KSC Orbiter Processing

Facilities(OPF) or in the Vertical Assembly Building (VAB). The TPS study group

observed the nose landing gear door measurements being made by TPS technicians and

engineers on level "E" of the VAB. The measurements were being made from temporary

scaffolds under very awkward and precarious conditions.

From about January 1989 to present, the hand held laser based tile step and gap tool has

been used to make measurements on the Orbiters any time a large group measurements are

required, that are located in the same proximity of one another on an Orbiter.(for example

landing gear doors and access panels) Because of the amount of set up and calibration time

required to use the automated tool, feeler gages and trammel tools are still used when one

tile or a relative few measurenmnts are requLred.

However, because the automated tool proved more accurate and consistent than using

manual methods, conclusions could be drawn that tile steps and gaps remained constant,

flow after flow, contrary to prior speculations that these dimensions might change with

time. As a result, the current requirements for tile step and gap measurements have been

reduced substantially to fewer than 1000 measurements per Orbiter flow. These
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measurements are primarily taken in the areas of the landing gear doors (NLGD &

MLGD's) and a few other removed/replaced tiles or access panels. TPS personnel indicate

that the step and gap measurement requirements for the main Ianding gear doors may soon

also go away, f'urther lowering the tOtal[number of measurements required.

7.3.6.3 Quantitative Data

The current requirements for tile step and gap measurements are less than 1000

measurements per flow. Observations of the step and gap measurement process using the

automated tool take 3 to 4 technicians about 8 to I0 hours to make 260 measurements in the

area of the nose landing gear door (NLGD) at the VAB. As to why the measurements were

made at the VAB it was explained the available time at the OPF (when they could gain

access to that area) was less than 8 hours, which was insufficient to make the

measurements.

7.3.6.4 Quality and Reliability

The use of the present automated handheld laser based tool for measuring tile steps and

gaps is far more accurate and consistent than the manual methods that use feeler gages and

trammel tools. In addition, this method provides a method to semi-automatically record

measurement results and upload those results to the appropriate Shuttle data base systems,

thereby reducing paperwork and keying errors. However, there are some problems with

the current tool that could be improved. The most important is interpretation of data.

Observations of the process and conversations with TPS engineers indicate that some

measurements taken with the laser based tool must be reverified using manual techniques.

The current tool can be affected by ambient lighting conditions, glare, material color

changes(rework) and a few other vision based problems. While TPS technicians are

trained to spot and compensate for these exceptions, human judgement required to validate

the data makes it difficult to assume that complete automation is possible using the existing

laser based tool.

7.3.6.5 Application of Robotics/Sensors

The tile step and gap measuring process appears to be a reasonably good application for

automation using robotics and sensors. However, the use of 3-D topographical sensor may

he desirable instead of the existing sensor (light stripe type laser). Preliminary testing
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(appendix 'T') indicate robust results are achievable using 3-D topographical sensors..

Digitizations at densities of less than .002" are capable of providing hundreds of

measurements of tile gap or step over a large area (ie > 4 inches) on a single frame scan.

Presently available 3-D topographical sensors can measure and record high density XYZ

maps at a rate of up to I0000 points per second. This data can be further processed to

produce average, rain, max, std deviation, range, etc..., statistics that are far more robust

than the single line scan present light stripe based laser tool.

A mobile positioner, properly integrated with a 3-D topographical sensor, could be

prograrraned to automatically: 1) position to a group of tiles, 2) establish a reference frame

relative to the Orbiter reference frame, 3) make tile step and gap measurements as directed

by a user, 4) report the results graphically to the user and electronically to the Shuttle data

management systems. The entire process for a group of tiles would probably take

somewhere between one and two hours.

7.3.6.6 TPS Study Group Decision

It is the decision of the study group to include the requirements for this process when

designing the initial system for automating TPS processes. Automation of this process is

technically feasible and will yield some productivity increases.

7.3.7 Tile Bond Verification (P315)

The process procedure for bond verification of tiles is describe in detail in MLO601-9024

process 315. Appendix "C" of this report illustrates the flow of the complete tile remove

and replace process and shows when tile bond verification is performed. This section

discusses two basic methods of tile bond verification to include: 1) the contact method

currently performed and 2) a non-contact method employing advanced sensor technology.

7.3.7.1 Background

After a tile has been bonded to the Orbiter, the RTV allowed to cure and fixturing removed,

a test must be performed to verify the bonding is complete and without voids that would

degrade the strength of the bond. Figure 7-12 illustrates an overview of the tile bond

verification problem for new tiles bonded to the Orbiters. The present technique for
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verifying tile bond integrity involves the application of pull force to a vacuum chuck

attached to the tile, resulting many times in the removal of the tile protective OM]., coating(

borosilicate). An unknown amount of damage may also be occuring to either (or both) the

intemal structure of the tile or the tile bond itself.

Also of concern is how well a tile bond holds up over repeated Orbiter flights and re-

entries. It is speculated that some tile bonds that were initially weak may have degraded

with time and that all tiles should be checked at least periodically to verify bond strength,

however, no such periodic tests are presently performed. The loss of a tile during flight or

Orbiter re-entry could be catastrophic. Each time an Orbiter is launched there is a certain

amount of risk taken that a tile might come loose.

It is for these reasons that NASA KSC is presently funding a sensor study project in hopes

of locating a non-destructive, non-contact type sensor that could in some way measure

bond integrity in a very rapid fashion, that does not require pull testing of the 24000+ tiles.

7.3.7.2 Current Method

The current method of verifying tile bond integrity of tiles consists of first fabricating a tile

unique bond verification chuck. The BV chuck must match the tile OML contour and

circumference as closely as possible (.010" to .030" max gap) to insure the maximum

amount of contact area and hence, the minimum amount of load per unit area. Before

performing bond verification, the TPS technician must wait at least 8 hours after the RTV

adhesive reaches a Shore "A" hardness of 50 to 55 depending on RTV type.

The method of force application and the amount of tension force applied to tiles is specified

by MLO301-0033 and MTO501-546. For HRSI tiles, the amount of tension force required

is about 10 psi and is based on the SIP area rather than tile surface area. For a typical

acreage tile (6" X 6") this equates to roughly 2.50 - 300 pounds of tension force.

The force must be applied perpendicular (normal) to the tile IML surface (plus/minus 2

degrees) and through the SIP centroid, so that even distribution of the load is achieved. An

uneven application of force will easily damage the tile OML surface or bond structure.
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Remember tiles are somewhat fragile. The load is applied from zero to maximum load, held

for 1 second and then back to zero in a continuous fashion.

Literally hundreds of tiles have been visually damaged using present contact method of

bond verification, as can be seen by up close inspection of the present Orbiters. The typical

damage consists of complete removal of the OML hardened surface and is generally

reworked by manually coating and redensifying the tile surface (MLO601-9026 process

377) after MRB concurrence. The rework itself takes many hours, is temporary in nature

and requires that special processing(bagging) of the tile be practiced during subsequent

rewaterproof'mg operations.

7.3.7.3 Quantitative Data

The time required to fabricate a tile unique bond verification chuck is about 6 to 8 hours.

The time required to set up and perform an actual tile bond verification is about 1.to 2

hours., depending on complexity of tile configuration. The time required to rework a tile

that has been damaged during bond verification may very from 3 to 6 hours, plus MRB

disposition time, depending on the extent of damage which is typically extensive. Tile

bond verification is performed approximately 70 to 80 times per Orbiter flow.

7.3.7.4 Quality end Reliability

Conversations with TPS personnel revealed that the present technique for verifying tile

bond integrity is very inaccurate and that debonded areas up to 40 percent may still pass the

present test. Further conversations revealed that the only other present technique used to

verify tile bond integrity is "Wiggling". During this test a certified tile "wiggler" places

his/her hand on the tile and rocks it back and forth to see if it is loose. Apparently there is

only one certified "wiggler" at present, and this test could only produce marginal results at

best.

7.3.7.5 Appli©etlon of Robotics/Sensors

Three different concepts must be addressed when considering the application of

robotics/sensors to the problem of tile bond verification to include: 1) use of existing BV

chucks attached to a mobile robotic system, 2) use of a generic universal BV chuck attached
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to a mobile robotic system and 3) use of a non-contact BV sensor attached to a mobile

robotic system.

7.3.7.5.1 Use of Existing BV Chucks (method 1)

One approach to performing tile bond verification in an autonomous fashion using robotics

and sensor technology would be to attach the existing tile unique BV chuck to the end of

the mobile robot ann and have it 1) position to an approach point for the correct tile, 2)

gently touch the BV chuck to the OML surface of the tile and draw a vacuum, 3) using

force/torque sensing, apply the lower limit of the appropriate calculated tension force

requLred (based on the SIP surface area) and 4) hold for 1 second, 5) back off on the

applied force fil zero, 6) display (and upload) test results and force applied,

7) retract arm and move back to safe storage.

While this scenario could probably be performed with very high accuracy with regard to

force direction and load, and in probably less than 30 minutes, it is likely that some damage

would still be incured to the tile and the fabrication of the BV chuck would still be

necessary.(8 hours).

7.3.7.5.2 Use of a Universal BV Chuck (method 2)

Another approach to the tile bond verification problem is to design a pair of universal BV

chucks for bond verification. One would be for flat tiles(< .020 curvation ) with an

adjustable shutter type mechanism that only applies vacuum to the OML surface of the tile

to be tested. A second BV chuck would be designed to handle non-fiat tiles. It would

incorporate a multitude of vacuum tipped, pivoting end tubes that could conform to non-flat

surfaces. Once again a shutter type mechanism could be employed to Limit the active

vacuum to those tubes making contact with the tile OML.

Either of these tools would be attached to a mobile robot and file bond verification would be

carried out as described in method I above. Once again this scenario could probably

performed with very high accuracy with regard to force direction, location, and load.

While this method overcomes the problem of fabricating a unique BV tool for each tile, the

likelihood of file surface damage would be increased due to the decrease in the area of

surface contact made with the file.
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7.3.7.5.3 Use of s Non-Contact Sensor (method 3)

Much work has already been done (under another program) to f'md a sensor that would

accomplish tile bond verification without the need for destructively pulling on the tile.

Technologies such as ultrasonics(sonar), microwaves, advanced sherography, backscatter

tomography(xrays), and others have been investigated for potential application to Space

Shuttle tile bond verification.

So far the most promising technology appears to be advanced sherography. This technique

involves activating an area of tiles with a very low frequency(300 hz) and measuring the

resulting tile vibrations. Figure 7-13 shows the promising results that can be achieved on a

test panel with 10 Orbiter tiles.

Once such a sensor has proven viable and robust, the sensor could be mounted to a

positioner mechanism, whereby, all tiles could be scanned and an exception report could be

generated listing only tiles with weak bonds. This method has many benefits over the

present method including: non-destructive methods, no need for a tile unique BV tool,

reduced rework, and the capability of processing many tiles at one time.

7.3.7.6 TPS Study Group Decision

It is the decision of the TPS study group to include the provisions for attaching a non-

contact BV sensor when designing the initial system for automating TPS processes. It is

felt that once this sensor becomes available it could be easily integrated to a mobile

positioner using integral quick change tool adapters on the end-of-arm tooling. Automation

of this process by non-contact techniques will result in significant productivity

improvements. The quality and reliability of resultant tile bonds and tile OML surfaces, will

also be greatly improved. Finally, implementation of the system would enable detecting the

weak bonds of all tiles, which cannot be accomplished without significant work (BV tools)

and further inevitable tile damage using the present practices.
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LASER TECHNOLOGY, INC.
1088 wElrr GERMANTOWN PIKE • NORiI_I_I'OWN, PENNSYLVANIA 19403

TELEPHONE (216) 631-5043 FAX (218) 631-0934

SPACE SHUTTLE ORBITER THERMAL PROTECTION TILE

DEBONDED INSPECTION

Test panel consisting of I0 Orbiter tiles, several of which had
flown in space, were used to produce a test panel for test method
development. Tile No. 5 had a debond programmed at the bondline
for the strain isolation pad. Using an ES-9500 Advanced
Shearography System, the panel is inspected for debonded tiles in
approximately 1 second.

Image of the
tile panel
showing all i0
tiles in the
field of view

of the camera.

Test results

showing Tile
No. 5 turned
white

indicating a
broad bandwidth

frequency
resonance due

to the presence
of a weakened
tile bond.

FIGURE 7-13 ADVANCED SHEAROGRAPHY
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7.3.8 FIB Step & Gap (P504)

This TPS process procedure is described in detail in MLO601-9024 process 504. FIB

step, ramp, gap and interference requirements are provided in MAO606-317, MLO301-

0034 and MTO501-550. the tools used for performing FIB step and gap measurements are

GMT001 thru GMT005 and are selected depending on the adjacent TPS material(ie tile,

blanket, elevon, etc...).

7.3.8.1 Current Method

Flexible insulation blankets (FIB's) are similar to tiles in step and gap measurements are

required to insure a tight and smooth fit between FIB's and at points of intersection

between FIB's and other TPS components. While the tolerances of the measurements for

FIB steps and gap measurements are not quite as tight as those for tiles, excessive gaps or

steps can lead to damage to the TPS which may eventually result in failure of the TPS.

The measurement of FIB step and gap occurs typically most often when a FIB is replaced.

The process is carried out by first obtaining the correct tool(s), placing the tool at

approximately 2 inch steps along each edge of the FIB and in each comer and reading and

recording the displayed measurement.(step or gap) Figure 7-14 illustrates a typical FIB step

measuremem tool.

7.3.8.2 Quantitative Data

A review of TPS planning data indicates as average of from 10 to 15 FIB's are

replaced/reworked during a typical Orbiter flow, that require step and gap measurements.

The time required to setup, perform and record results for a FIB step and gap measurement

is variable depending on adjacent materials and FIB size (2 - 4 hours)

7.3.8.3 Application of Robotics /Sensors

The automation of step and gap measurement for FIB's using robotics and sensor

technologies is somewhat difficult. The material comprising a FIB does not produce clean,
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well defined edges when viewed with either 2-D vision or 3-D topographical sensor

techniques. The fibrous material in a FIB has a diffuse appearance that would cause

unpredictable results. Most of the FIB step measurements require a small amount of force

be applied to hold the blankets in place while measurements are being taken. This would

require contact with adjacent areas and knowledge of the materials being touched.

Even if no problems were encountered with measurement sensors, FI blankets are typically

located on the top side of the Orbiters. This would mean significant facility modifications

might be required to implement a positioner mechanism with sufficient reach to locate to all

FIB's.

7,3.8.4 TPS Study Group Decision

It is the decision of the TPS Study group to not include the requirements of this process

when designing the initial robotic system for TPS processing. Primary reasons for this

decision are: l) significant facility modifications may be required. 2) Some risk might be

entailed in the design of a robust measurement sensor, 3) insufficient productivity gains or

quality improvements would be realized by automation of the process.

7.3.9 Gap Filler Fabrication for FIB's (P505)

The process of fabricating a gap filler for flexible insulation blankets is described in detail

in MLO601-9024 process 505. This process is used to install RTV adhesive bonded

MBO135-098 FI blanket gap fillers; MBO135-074 cord, ceramic fiber; and MBO135-091

FI plugs to completely fill FI blanket to tile or blanket to blanket structure. The 9_Ly_area of

interest of this process is the actual measurement of the FIB gap cavity.

7,3.9.1 Current Method

The present method for creating a pattern for use when fabricating a new FIB gap filler is

fhst determine the length and depth of the gap to be f'dled. This is typically accomplished

with a scale. From this data, a mylar pattern of the gap profile is fabricated that should also

reflect any contour the gap may have. Gap thickness measurements are then made and

recorded on the mylar pattern at appropriate locations (see P51M step/gap for fib's). After

gap measurements are recorded, a determination of the type, class and shape of gap fdler
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material is made, based on abuting TPS materials and gap depth and gap configuration.

This information is derived from tables (P505-1), and recorded, and the mylar pattem and

paperwork are forwarded to the TPS backshop for fabrication of the gap f'fller. (Note: FIB

gap fillers are made slightly larger than the gap width because an interference fit must result

after installation.)

The FIB gap f'dler fabrication process occurs primarily during the normal TPS

re_nt and repair cycle at KSC OPF.

7.3.9.2 Quantitative Data

Based on a review of V6028 inspection defect and rework data for three(3) Orbiter flows, it

was found that fabrication of FIB gap fillers occurs about 15 to 20 times per Orbiter flow

Estimates of the time required to create the mylar pattern and record the data are about I to 2

hours.

7.3.9.3 Application of Robotics/Senaors

The automated measurement and recording of FIB gap f'dlers could be accomplished using

robotic and sensor based technology, however, not without overcoming some interesting

challenges.

A scenario for autonomous operation might include: 1) position sensors to FIB gap to be

measured, 2) use both vision and a 3-D topographical sensor to find edges, make

measurements and record data, 3) step along FIB gap and repeat process, 4) merge gap

data to produce a continuous solid model, 5) using dimensional data, CAD data to

determine abuting material, and known rules for material selection (procedure tables),

determine appropriate FIB gap filler type, class and configuration, 6) electronically transvrdt

a complete 3-D model of FIB gap filler, with dimensions, to the TPS backshop for display.

Because FI blankets are predominantly located on the topside of Orbiters, significant

facility modifications might be. required to design a positioner that would reach all FIB

gaps. The material comprising a FIB does not produce clean, weLl defined edges when

viewed with either vision or 3-D topographical sensor techniques. While these difficulties

can be overcome, they might be costly.
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7.3.9.4 TPS Study Group Decision

It is the decision of the TPS study group to no__!include the requirements of this process

when designing the initial robotic system for TPS processing. Primary reasons for this

decision are: 1) significant facility modifications may be required. 2) Some risk might be

entailed in the design of a robust measurement sensor, 3) insufficient productivity gains or

quality improvements would be realized by automation of this process.

7.3.10 Gap Filler Fabrication For Tiles (P601 - P604)

The process of fabricating replacement tile gap fillers are described in MLO601-9024

processes 601 thru 604. These gap filler installation processes include; process 601 -

"pillow", process 602 - "ames", process 603 - "captive", and process 604 - "vertical

stabilizer in-line" gap fillers. Common to all of these processes and the _ area of interest

of concern for automation, is the measurement of the tile gap cavity, necessary to fabricate

a new tile gap filler.

7.3.10.1 Current Method

The most common present method for measuring and recording gap dimensions involves

the fabrication of a mylar pattern. Using 7 mil mylar drafting film, the technical first cuts

the mylar to the desired length. If the IML of the gap to be filled is contoured, the

technician uses a special tool (SK016947 or G070-007461) to measure the contour, and

cuts the IML edge of the mylar pattem to match. The mylar is then inserted into the gap,

and the OML edge is marked. The mylar is then removed and cut so that the resultant

pattern is flush to .12" below the OML surface. (note: for wing trailing edge and elevon

leading edge the requirement is flush to .050").

Next gap measurements are made. Plastic shims are inserted into the gap until it contacts

the filler bar. The shims are held at a 60 ° to 90 ° angle between thumb and forefinger, and

swept the length of the gap. This procedure is repeated with progressively thicker shims

until the gap thickness is known along appropriate length and height locations along the

gap. These thickness measurements are then recorded at corresponding locations on the

mylar pattem. The mylar is also identified with adjacent tile numbers before sending to the

TPS backshop for gap filler fabrication. (note: for gaps requiring complete fill, the gap

must be f'filed to +.010 to -.000 over the length and height of the entire gap.)
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While this method of recording gap dimensions appears quite straight forward, resultant

gap fdlers are rejected for improper fit much of the time. In some cases, many rework

cycles are required before proper fit is achieved. The problems encountered are primarily

due to the inaccurate tools provided to make the gap measurements and the fact that many

gaps are not nice neat rectangular cavities. Many gaps vary in thickness significandy from

end to end and top to bottom. Some gap fillers span 3 or more tiles, adding geometric

irregularities and complexity. Some gaps are actually wider at the bottom(IML) than at the

top(OML) by a significant amount and are presently measuring by wiggling a feeler gage in

the bottom of the gap and guessing at the approximate dimension.

7.3.10.2 Quantitative Data

Conversations with with TPS personnel and a review of inspection defect data indicates

that greater than 1000 gap fillers are fabricated per Orbiter flow. The time required make

measurements and fabricate a mylar pattern and record information is from about 30

minutes to 2 hours depending on complexity, with an average of about 1 hour. First pass

acceptance rates for new fabricated gap fiJlers are expected to be about 90 percent.

7.3.10.3 Application of Roboti¢a/Sensora

The application of robotic and sensor technologies to automate tile gap measurements

represents an interesting opportunity. A scenario to perform this process might foLlow: l)

Position a mobile robotic base to the area under the tile gap to be measured, 2) using key

features adjust the robot reference frame to the Orbiter reference frame, 3) Position the end

effector(tool or sensor) to the tile gap 4) perform the measurements. 5) using Orb/ter CAD

data defining gap location and adjacent tile coni_gurations, known rules for material

selection (procedure tables) and measurement data taken, a solid model of the gap fiUer

could be constructed with dimensions and materials noted, and electronically forwarded to

the TPS back shop for fabrication.

As presented in previous sections of this report, all sensor positioning requirements for this

scenario are feasible, using existing technology and tested data. Required Orbiter TPS

CAD data and gap filler material rules are well documented and the computing requizements

to produce an accurate model with annotations are minimal. In addition, pre.cisely

measuring tile gaps where the OML gap width is greater than or equal to the IML width
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could be accomplished. It is speculated that greater than 95 percent of tile gaps are of this

configuration and could be measured by a 3-D tol_graphical sensor.

However, accurate measurement and modeling of file gaps where the OML width is less

than the IML width will require additional R/D work. Early concept discussions for these

unique measurements include the possible use of properly placed special lenses, mirrors,

fiber optics and even the use of completely different (CAD based) techniques altogether.

7.3.10.4 TPS Study Group Decision

It is the decision of the TPS study group to include the requirements for performing gap

tiger measumn_nt and recording

when designing the initial system for TPS automation. It is felt that automation of the

process is both justiFmble and technically feasible.

Conservative estimates of how long. it would take to position, measure, record, and model

a tile gap using automated techniques are about 30 minutes for a single measurement,

however, subsequent measurement processes for other tile gaps during the same excursion

would be as low as 5 minutes. When compared with an average manual method of about 1

hour, man hour savings would range from 500 to 900 hours per flow @ 1000 gap fillers

per flow.

In addition, the improvement to measurement accuracy, automated materials decisions and

paperless data transfer, would result in improved gap f'fller first pass installation and

reduced TPS rework.

7.3.11 Post Flight RSI Inspection (V6028)

This process is described by Orbiter Maintenance Instruction (OMI) number "V6028".

Acceptance criteria used during this inspection is defined by MLO601-0002 (RSI

acceptance criteria for operational vehicles).
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7.3.11.1 Background

The Post flight inspection of the Orbiter TPS is one of the most important inspections

performed during an Orbiter refurbishment flow. It is during the course of this inspection

that all flight related damage to the Themlal Protection System is identified, measured and

recorded, resulting in the eventual Work Authorization Documents that comprise the

majority of all work performed on the Orbiter TPS, whether immediate or deferred.

Consequently, it is imperative that the inspection be performed both as soon as possible

and as fast as possible during an Orbiter flow, so that work orders can be released and an

assessment of flow planning can be made(how many people, how long, etc...).

The OMI for post flight inspection (V6028) breaks the process into 7 tasks as listed in table

7-1.

Task number "0l" is accomplished by engineering team comprised of a NASA KSC/JSC,

LSOC and RIC TPS engineering. This inspection is performed immediately following

vehicle hazard and safety inspection, just after the Orbiter lands. The purpose of this

inspection is to assess overall vehicle post flight condition while placing special emphasis

on potential impacts to TPS turn around processing. During this inspection the Vehicle is

visually inspected for gross TPS anomalies. Any anomalies are documented and

Lrnmediately assessed for any significant special processing that may be required during the

TPS refurbishment cycle.

Task number "02" is performed by the same engineering team as task number "01". This

task is performed to assess and assign any temporary rework deemed necessary for ferry

flight, such as temporary plug f'dlers for missing tiles, tape down of loose FIB's, etc...
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Table 7-1 Breakdown of V6028 by Major Tasks

Task Who Task

Number Performs Description

01 Engineering

Team

Runway Quicklook Inspect

-tion

02 Enghleering

Team

Pre-Ferry Right Macro

Inspection

03 TPS Quality Macro and Micro RSI

Control Inspection

Engineering

Team

04 Additional Micro

4ions

05 TPS Quality

Control

06 TPS Quality

Control

Micro Inspection of LESS &

Nose Cap

Micro Inspection of RCC

R/H Panels #10 & #17

07 TPS Quality Micro Inspection of RCC

Control IdI-I Panel #9
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Task number "04" is also performed by the same engineering team as task number "01".

This task is performed to assess the TPS for specific areas (not cover by task "03") that the

group feels should receive special quality control micro inspection. These may be areas of

hydraulic fluid leakage, significant outgassing, or major TPS damage.

Task numbers "01", "02" and "04" are gross inspections that are perforn_ed in a very short

amount time by gross visual examination by an engineering group and are not under

consideration for automation.

Tasks numbers "05", "06" and "07" are performed by TPS quality control inspectors,

however, are 'internal' inspections that we are told are covered during "structural

inspections" later in the flow and are not performed as a part of V6028. These particular

tasks are also not under consideration for automation.

Task number "03" of V6028 is the 'real' work performed by TPS quality control, taking

the majority of time (approx 3 weeks) and the most people. It is during this inspection that

the majority of all TPS rework is identified. It is this portion of V6028 that is under

consideration for automation. All subsequent references made m V6028 inspection will be

referring m task number "03" of said process.

7.3.11.2 Current Method

Post flight TPS inspection(V6028) begins at the earliest time possible, just after the vehicle

is safed in Dryden, California. The process continues until a couple of weeks after ferry

flight in the OPF at KSC. The QC inspectors are under much pressure to hurry up and

perform theinspectionsand document results,so thatrework dispositionscan be made and

work ordersreleased to perform rework.

The process is performed by TPS quality control personnel. Most TPS QC personnel are

actual experienced TPS technicians, that attended formal training classes for TPS inspection

and have a valid 376 certification.
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Observations of this inspection and conversations with QC personnel reveal that much of

the actual work consists of acquiring the required tools and paper work, f'dling out the

discrepancy reports and coloring in maps to record inspections performed. They said the

actual inspection itself is the easy part that takes the least amount of time, at least when

performing surface inspection.

Post flight inspection(V6028) consists two major types of inspection to include "surface"

and "sub-surface".

7.3.11.2.1 Surface Inspection

Post flight inspection(V6028) primarily consists of surface inspection, that is, the external

visual examination of the TPS components(ie tiles, FIB's, FRSI, etc...) for damage caused

either during flight or during ground operations. The process consists of first visually

examining an area or TPS component for anomaties(ie damage, contamination), and then

making a decision whether each anomaly is within acceptable limits or should be classified

as a defect. If an anomaly is determined to be a defect, a discrepancy report (DR), problem

report (PR) or Matrix Discrepancy Report (MDR) is prepared containing all relevant

instance data (Time, date, ID, location, Orbiter, etc...) and all defect data(length, width,

size, color, etc .... ). A crude picture is also drawn (for tile defects) that shows the tile

configuration, defect location, defect shape and approximate locations of previous rework

to the same tile. A piece of approved tape is then usually affixed to the Orbiter TPS

flagging the defect, containing "V6028" and typically an arrow or some other message.

A determination of "what" constitutes a defect vs an acceptable anomaly, is determined by

acceptance criteria. The acceptance criteria for TPS components are affected by many

variables including: material type, component location on Orbiter, new anomaly size,

shape, volume and location characteristics, previous rework size, shape, volume and

proximity to new anomaly, color, texture, permanency, and more.., may all effect TPS

anomaly acceptance.

MLO601-0002 (RSI acceptance criteria for operational vehicles), def'mes the acceptance

criteria for TPS anomalies. Figure C-I of appendix "C" of this report illustrates the

categorization of anomalies described in MLO601-0002. (Only bottom side TPS

7-67



Orbiter TPS Automation Study Final Report KSC-DM-3491

components are shown.) Figures C-2 through C-7 of appendix "C" illustrate graphically

the acceptance criteria and decision logic for each of the TPS bottom side components.

These illustrations represent the decisions that a QC inspector must make for each anomaly

encountered. What can be seen in these figures, is that defect determination for TPS

component anomalies is very complex and requires many pieces of data, however, once

materialsand locationsareknown and dimensionalmeasurements made, thedecisionlogic

todetermineacceptanceordefectisactuallyawelldefinedsetof rules.

7.3.11.2.2 Sub-Surface Inspection

Sub-surface inspection follows surface inspection procedurally and also contains a well

def'me set of rules for defect determinat/on. However, sub-surface inspection is much

more tedious and time consuming. Sub-surface inspection is primarily performed to locate

charred filler bar, however, is also used to locate defective gap fillers and tile sidewall

anomalies.

Observation of charred filler bar inspection was undertaken by two members of the TPS

study group. The process was carried out by an experienced inspector standing on the floor

of the OPF under the Orbiter, equipped with a very bright light (500,000 candle power),

and lining up row by row with the tile gaps and looking for charred(non-red) fiUer bar in

tile gaps as small as .030". The inspector was quite cooperative and showed us how well

the technique works, even pointing out some actual charred filler bar.

Discussions with TPS QC personnel and later observations revealed that the bright light

technique was only the first stage of charred filler bar inspection. During the next stage of

this inspection, QC personnel equipped with a small flashlight must climb up a work stand

and perform an up close examination of every tile gap looking for TPS sub-surface

anomalies. This inspection is back breaking, monotonous and significantly fatiguing.

QC personnel were quite helpful with the TPS study, and expressed a strong desire to

automate the TPS inspection process. Even when we mentioned that possibly only partial

automation might be achieved, their response was "Well take it...". Of course, we were

just kidding them...
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7.3.11.3 Quantitative Data

A significant amount of data was extracted, organized and analyzed regarding the TPS

post-flight inspection process (V6028).

The bulk of this data was extracted from the Problem Reporting And Corrective Action

(PRACA) system located in the VAB. This system is a central repository for aU Orbiter

defects, including TPS defects and rework pefforn_d. The V6028 defect data for three(3)

complete recent Orbiter flows was extracted from this system and provides the basis for

much of the following analyses. During this data extraction, care was taken to not include

usual or irregular flows( ie hail damage, water damage, etc..), so that conservative realistic

estimates could be established for the present process.

7.3.11.3.1 Productivity Data

Conversations with TPS QC personnel indicate that it takes approximately 630 QC man

hours to perform a V6028 inspection. Charred filler bar inspection is estimated at 40 hours.

A summarization of defects recorded and rework performed indicates that about 24.4

percent of V6028 inspection is Orbiter topside related. Topside TPS components are

assumed to include FIB's, FRSI, diced tile, some LSRI tiles, and some thermal barriers.

This leaves approximately 75.6 percent for Orbiter bottomside inspection. TPS bottomside

components are assumed to include HRSI tile, some LRSI tile, gap f'dlers, t-tiler bar,

ceramic inserts/plugs and some thermal barriers.

7.3.11.3.2 Defect Data

Table 7-2 list the results of summarizing defect data. By far the TPS component

accounting for the greatest number of defects are gap fillers(40.7 %). We would expect this

to be true because there are at least twice as many gap fdlers as tiles (approx 50,000). Tile

defects are second at 29. 1% (appmx 24,000), followed by FIB's (second largest surface

area) at 21.8 %. Finally burnt f'dler bar comes into play at 8.2 % and all other defects at less

than5 %
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Table 7-2 Summarized Distribution of V6028 Defects

TPS Percent of Topside/

Component Total Bottomside

Flexible Insul- 21.8 % topside

ation Bankets

FRSI 1.5 % topside

T__maal Barriers 1.1% topside

topside sub-total --> 24.4 %

RSI Tile 29.1% bottomside

Gap filler 40.7 % bottomside

Filler Bar 8.2% bottomside

Thermal barriers 1.1% bottomside

bottomside sub-total --> 75.6 %
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7.3.11.4 Application of Robotics/Sensors

Conversations with TPS personnel and others might lead one to believe that automated

inspection of the Orbiter TPS could be accomplished by simply placing lots of sophisticated

sensors (vision, 3-D, other) on a roU around platform (or possibly a large door frame)

several feet from the Orbiter surface, and automatically inspecting large areas of the Orbiter

TPS with a high degree of accuracy and repeatability in a very short time. However, such

is not the case...

L

Anomalies found during TPS inspections are either discolorations or damage. Long

distance sensing for TPS anomalies using 3-D topographical sensing would have the

following difficulties: 1) unable to sense discolorations(contamination, charred materials),

2) unable to sense small defects with sufficient resolution without taking a considerably

long time, and 3) system would have limited utility to perform other TPS processes. Long

distance sensing for TPS anomalies using 2-D vision only would also be a problem when

considering required lighting, focal optics and the inability to accurately measure the size

and depth of damage induced anomalies(pits, gouges, etc...).

And while I.o._l;[Ls.tg/l_ inspection is not considered an operational solution, close

proximity inspection of the Orbiter bottomside TPS looks quite promising, but will require

some further testing to guarantee all anomalies and defects can be detected and measured.

7.3.11.4.1 Surface Inspection

With a combination comprised of sensors mounted to a mobile positioner, post flight

CV6028) bottomside surface inspection would become a "step and repeat" process whereby

a system would: 1) move to a group of tries, 2) establish a reference frame relative to the

Orbiter, 3) position the end effector at an approach point slighdy away from the centroid of

the tile OML, 4) take a 2-D grey level picture of the tile and surrounding gap fillers, 5)

perform special processing of the image, 6) move to the next tile and repeat, 7) move to the

next group of tiles and repeat until aU tiles are processed.
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In this scenario, one might notice that the "step and repeat" process very closely follows the

exact same steps as those which might be used to perform tile rewaterproofmg.(see section

7.3.2.6) In fact, the only step that differs is step 5 (perform special processing). This

subject will be addressed in greater detail at a later point in this section, for now however,

a discussion of special processing is warranted.

The special processing of the digitized image of a tile indicated as step 5 in the automated

scenario might take several different approaches, each increasing in complexity', yet

providing a greater level of autonomous operation.

Approach #1

One approach might be to perform V6028 bottornside inspection in conjunction with tile

rewaterproofing and only store the tile image for later off line processing. In this approach,

the newly acquired tile image would be normalized for comparison with a previously stored

image of the same tile, and ff there is a mismatch somewhere in the image, an anomaly

could be suspected. An exception list could then be generated of all tiles/gaps that have

suspect anomalies to be used by QC personnel as an aid in locating bottomside TPS

anomalies.

Approach # 2

A second approach might be to perform same scenario as approach #I except to perform

the tile image comparison on-line in real time as part of the process. When an anomaly is

detected as a result of the image compare, a piece of tape could be placed on the tile

indicating a possible anomaly.

Approach # 3

A third approach might use the same on-line image comparison as described in approach

#2. However, further processing could be performed by other sensors when an anomaly is

suspected. In this approach a step would be added to position a high resolution color

camera in the area of the suspected anomaly and capture an image of the anomaly. Another

step could position a high resolution 3-D topographical sensor in the area of the suspected
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TPS to flag the potential anomaly. Both the high resolution color image and 3-D

digitization would then be stored. A QC inspector would then later sit down at a computer

work station, review the list of anomalies, display the high resolution color image of each

anomaly and determine which are actual defects.

The 3-D digi "uzations of the anomalies that are not simply contaminations or discolorations

(ie damage, protrusions, bridges, etc...) would also be further processed to extract highly

accurate dimensional characteristics. Length, width, depth, location and volume of the

anomaly could be computed and displayed along with a solid model (or wire frame) model

of the anomaly. This anomaly model would be displayed right on a model of the actual tile,

along with previous rework performed to the tile. This would further aide the inspector in

determining which anomalies are actual defects.

Approach # 4

A fourth approach might follow approach # 3, however, using the vision images, 3-D

digitization, prior rework data, location data, materials data and TPS acceptance criteria

rules(appendices C-1 thru C-7), software could be added to discern defects from acceptable

anomalies. The data would then be usei:l to:l) automatically create a discrepancy

report(DR), 2) be available to QC inspectors to view and disposition normal rework, 3) be

available for viewing by TPS engineers and MRB members for on-line dispositioning at

their desks.(NOTE: The rework disposition process follows rules that depend primarily on

the depth, volume, size and location of the defect.)

Approach # 5

A fifth approach is semi-automatic V6028 bottomside inspection. This method would

follow approach #2, (on-line anomaly detection,) except that a QC inspector interacts with

the system. When the robot encounters an anomaly, it would sound a buzzer or bell to get

the inspectors attention, and then display a message stating an anomaly has been

encountered and what would the inspector like to do. A menu would then be displayed

enabling the inspector to: 1) obtain and display a close up color image, 2) obtain and

display a 3-D digitization of the anomaly including dimensions, 3) disregard the anomaly,

or 4) perform all processing necessary to automatically generate a discrepancy report(DR).
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In this approach, the inspection process would probably not be carried out in conjunction

with tile rewaterproofmg.

Approach # 6

The previous five approaches have considered V6028 inspection in conjunction with tile

rewaterproofmg. A sixth approach would be to perform inspection completely independent

of tile rewaterproofing. In this scenario Post flight bottom_side inspection (V6028) would

be run during first and second shift (7:00 AM to 12:00 PM) as opposed to only on third

shift, which is presently a requixement when performing tile rewaterpmofing.

7.3.11.4.2 Sub.Surface Inspection

The application of robotic and sensor based technologies to V6028 sub-surface inspection

differs somewhat from surface inspection, primarily from a standpoint of sensor selection,

application and positioning accuracy. While gap filler and tile OML radius anomalies could

be located and processed during the surface inspection process, locating charred filler bar

will require a completely different process.

Filler bar has a reddish color when normal. Charred filler bar appears dark brown or black.

Preliminary studies conducted as past of this study, indicate that there ate methods available

for distinguishing normal filler bar from chan'ed tiger bar.

A conceptual sensor design for tiger bar inspection might consist of a small bundle of fiber

optic threads terminated on the robot side by a light source (some threads) and a photo

sensor (other threads). Very careful positioning, aided by a vision system and edge

following algorithms, could enable placing the soft fibers down into the tile gaps.

Following along the tile gaps(2 sides per tile), allows observing the filler bar (color,

reflectivity) at short intervals (.I" to .2 ") along the way. This process would be performed

in a step and repeat fashion along with surface inspection and/or tile rewatevproofing.

As with surface inspection, filler bar anomalies discovered would be stored for later listing

or display, and each anomaly might be flagged by placement of a piece of approved tape to

the Orbiter TPS.
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A further enhancement to such a sensor might include a method for determining how

severe the charting to the filler bar was.(class 1, 2 or 3). The present method of checking

this involves pushing on the filler bar with a feeler gauge to see if material is missing or if

the nomex felt is still resilient. The above discussed sensor might use a small pressure

sensitive probe to check for missing material or resilience., based on the known f'fller bar

thickness and known tile thickness.

7.3.11.5 Estimates of Autonomous Operations

A detail detailed motion analysis of candidate robotic/sensor approaches is necessary to

determine just how long it might take perform bottomside V6028 Inspection in an

autonomous or semi-autonomous fashion. The following are very conservative estimates

When considering V6028 inspection one must also consider that it could be performed in

conjunction with tile rewaterproofing (section 7.3.2.6) or completely independent of that

process.

Note: the following estimates are based on processing 20000 tiles. (see appendix "G") The

following also assumes tiles would be processed in groups of 100 Per robot base move,

1000 anomalies would be discovered and 650 defects would be detected. Also note that

image storage operations may be performed while moving the sensor to the next tile.

Tile Rewaterproof only (section 7.3.2.6) 35.0 hrs

Approach # 1 - Anomaly detection, Surface only, Offline process, with Rewaterproof.

Time to required to position, acquire 2-D image

and store... 3 secs per tile X 20000 = 60000 secs.(16.7 hn)

(Note: this time could be as low as 1.5 secs Per

tile with proper placement of camera and simultaneous

processing)

Total time rewaterproof and anomaly detect 51.7 hrs

Approach # 2 - Anomaly detection, surface only, On-line process, with Rewaterproof,

placement of tape.
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Time required for image 3 seconds (above), plus time required for online compare

(conservative) 3 secs = 6 seconds X 20000 = 120000 secs or 33.4 hours.

Time required to place tape = 3 secs X 1000 anomalies = 3000 seconds or .8 hours

Total time rewaterproof, on-line anomaly, and tape 69.2 hrs

Approach # 3 - Anomaly detect, surface only, On-line process, with Rewaterproof,

placement of tape, high resolution color image, 3=D digitization, QC offiine

defect processing.

Time required to position, acquire and store high resolution color image.

7 secs X I000 anomalies = 7000 seconds ( or 1.9 hours)

Time required to position, acquire and store 3-D digitized image

10 sees X 1000 anomalies = 10000 seconds (or 3.2 hours)

Total time rewaterproof, on-line anomaly, apply tape and acquire images 74.3 Ins

Approach # 4 - Autonomous defect detection and automatic discrepancy report generation,

with rewaterproofmg

Same time required as approach # 3, all computations could be performed off-line by

a host computer 74.3 hrs

Approach # 5 - Semi-autonomous operation, anomaly detection, no rewaterproofmg, QC

inspector intervention.

Time requiredfrobase moves (20000/100) X 30 secs= 6000 secsor 1.7hours.

Time required for tile move (6 secs)+ image acquisition and compare

( 6 secs) X 20000 tiles = 240000 seconds (or 66.7 hrs)
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QC inspector time to review anomalies when encountered 2

(or 120 sees) X 1000 anomalies = 120000 (or 33.4 hrs)

minutes

Total time semi-autonomous operation 101.8 hrs

Approach # 6 - autonomous defect detection and automatic discrepancy report generation,

without rewaterproof.

rewaterproof time 6 sees X 20000 tiles = 120000 or 33.4 hours.

Total time (74.4 hrs - 33.4 hrs) = 41.0 hrs

7.3.11.6 TPS Study Group Decision

The application of robotic and sensor based technologies for automating Orbiter post flight

inspection (V6028) is a concept that could take many avenues, each which provides

differing benefits, but all of which result in significant improvements to the current

inspection process.

h is the decision of the study group to include the requirements for performing V6028 post-

flight bottomside inspection when designing the initial system for TPS automation. It is

felt that automation of the process is both justifiable and feasible.

Preliminary test results (Appendices "H" through "K") using vision and 3-D digitization

techniques as potential inspection sensor mechanisms are showing positive results,

however, much more testing will be required to verify all anomaly types.

Estimates of man hour savings by automation of the process using a robotic/sensor based

system are from 300 to 470 hours. Significant efficiency improvements could be realized

over the current method of performing the inspection which requires about 3 weeks.

Elapsed times from as low as 2 1/2 days (16 hour shifts) to 7 days (16 hour shifts) saving

at least 2 weeks of elapsed time. Automation of the process would also result in improved

data integrity, better defect documentation, consistent defect determination, reduced

inspector fatigue and improved automated defect determination and rework dispositioning.
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7.3.12 Orbiter Pre-OPF Rollout Inspection(V6037)

This process is described by Orbiter Maintenance Instruction (OMI) number "V6037".

Acceptance criteria used during this inspection is defined by MLO601-0002 (RSI

acceptance criteria for operational vehicles).

7.3.12.1 Background

The purpose of this inspection is to perform a pre-OPF mllout inspection of the Orbiter

TPS and determine ff any damage or contamination occurred during OPF operations that

may warrant repair or rework. It is also the purpose of this inspection to locate and record

any rework that was not completed during the TPS refurbishment cycle.

7.3.12.2 Current Method

The current method for performing this inspection is exactly the same the method used to

perform V6028 surface insvection that is described in detail in section 7.3.11.2.1. V6037

does not include sub-surface inspection, however, and hence can be performed in a much

shorter period of time. This entire inspection is performed in the Orbiter Processing

Facilities at KSC.

7.3.12.3 Quantitative Data

conversations with TPS QC personnel indicate that it takes about 300 man hours to perform

a pre-OPF roUout inspection. A review of TPS planning data indicates the elapsed time for

the inspection process to be about 7 days. It is estimated that about 70 % of this inspection

is spent on bottomside components( RSI tiles, gap fillers, etc...).

7.3.12.4 Application of Robotics/Sensors

The V6037 insPeyction process could be automated using robotic/sensor based technology

using the approaches discussed for V6028 surface inspection (section 7.3.11.4.1),

however, without performing tile rewaterproof'mg during the same process.
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This results in the following estimations for time required to autonomously perform

operation.

Anomaly detection 35.0 hours

Defect detection with DR generation 39.3 hours

Semi-autonomous operation 101.8 hours

Working 2 shifts per day at 8 hours each, the system would be able to complete the

inspection process in from 2.5 to 6.5 days, depending on approach employed.

Images obtained from this inspection, in general, will include all rework performed during

the TPS refurbishment cycle and could be used to perform the next V6028 inspection for

the same Orbiter.

7.3.12.5 TPS Study Group Decision

It is the decision of the study group to include the requirements for performing V6037 pre-

OPF rollout bottomside inspection when designing the initial system for TPS automation.

It is felt that automation of the process is both justifiably and feasible.

Automation of this process is a subset of the functionality required to perform V6028 post

flight inspection. All feasibility issues are addressed in the discussion of that process.

Labor savings of up to 225 man hours could be realized by the automation of this process.

As with V6028, additional benefits of automating this process might include improvements

to data integrity, defect documentation, consistency of defect determination, reduce

inspector fatigue and on-line rework dispositioning.
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7.3.13 Orbiter RSI Premate/Pre-VAB Rollout Insp(V6039)

This process is described by Orbiter Maintenance Instruction (OMI) number "V6039".

Acceptance criteria used during this inspection is defined by MLO601-0002 (RSI

acceptance criteria for operational vehicles).

7.3.13.1 Background

The purpose of this inspection is to: 1) determine if any TPS damage occurred during

vehicle rollover when placing in vertical position, 2) determine ff any damage occurred

during VAB operatiorm. Emphasis during task "01" of this inspection is placed on the area

of landing gear doors and surrounding TPS.

7.3.13.2 Current Method

The current method for performing this inspection is exactly the same the method used to

perform V6028 _urface "_inspection that is described in detail in section 7.3.11.2.1. V6039

does not include sub-surface inspection, however, and hence can be performed in a much

shorter period of time. This entire inspection is performed in the Vehicle Assembly

Building (VAB) at KSC.

7.3.13.3 Quantitative Data

Conversations with TPS QC personnel indicate that it takes about 200 man hours to

perform this inspection. A review of TPS planning data indicates the elapsed time for the

inspection process to be about 5 days working 2 shifts.

7.3.13.4 Application of Robotica/Sensora

The V6039 inspection process could be automated using robotic/sensor based technology

approaches discussed for V6028 surface inspection (section 7.3.11.4.1), however,

because the vehicle is in a vertical position, a robotic positioner to accomplish the task

would be required to have a very tall reach, and even if obstacles (ie scaffolds, MLP, ET,

etc...) could be worked around, the positioner mechanism would probably be very costly,

require significant facility modifications and be designated for use only in the VAB.
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7.3.13.5 TPS Study Group Decision

It is the decision of the study group to not include the requirements for performing V6039

inspection when designing the initial robotic/sensor based system for TPS automation. It is

felt that automation of the process would require costly facility modifications and might

prove very difficult to design a positioner for that would provide sufficient TPS coverage.

7.3.14 Orbiter RSI Pre-Launch Inspection(V6040)

This process is described by Orbiter Maintenance Instruction (OMI) number "V6040".

Acceptance criteria used during this inspection is deemed by MLO601-0002 (RSI

acceptance criteria for operational vehicles).

7.3.14.1 Background

The purpose of this inspection is to determine if any TPS damage occurred during vehicle

roUout to the pad or during launch pad operations.

7.3.14.2 Current Method

The current method for performing this inspection is exactly the same the method used to

perform V6028 surface ins oection that is described in detail in section 7.3.11.2.1. V6040

does not include sub-surface inspection, however, and hence can be performed in a much

shorter period of time. This entire inspection is performed at the launch pads (39A, 39B).

Much of it is performed using Binoculars.

7.3.14.3 Quantitative Data

conversations with TPS QC personnel indicate that it takes about 200 man hours to perform

this inspection. A review of TPS planning data indicates the elapsed time for the inspection

process to be about 4 days.

7.3.14.4 Application of Robotics�Sensors

The V6040 inspection process could be automated using robotic/sensor based technology

approaches discussed for V6028 surface inspection (section 7.3.11.4.1), however,
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because the vehicle is in a vertical position, a robotic positioner to accomplish the task

would be required to have a very tall reach, and even if obstacles (ie scaffolds, MLP, ET,

etc...) could be worked around, the positioner mechanism would probably be very costly,

require significant facility modifications and be designated for use only at the launch pads.

7.3.14.5 TPS Study Group Decision

It is the decisiofi of the study group to not include the requirements for performing V6040

inspection when designing the initial system for TPS automation. It is felt that automation

of the process would require costly facility modifications and might prove very difficult to

design a positioner for that would provide sufficient TPS coverage.

7.3.15 TPS Inspection After Com/Nav Testing(V6045)

This process is described by Orbiter Maintenance Instruction (OMI) number "V6045".

Acceptance criteria used during this inspection is defined by MLO6Ol-0002 (RSI

acceptance criteria for operational vehicles).

7.3.15.1 Background

The purpose of this inspection is to determine if any TPS damage occurred during the use

of the Antenna Couplers used to test Orbiter communications and navigation antennas.

These antennas are located just below the TPS on both the top and bottomside of Orbiters.

7.3.15.2 Current Method

The current method for performing this inspection is exactly the same the method used to

perform V6028 surface inspection that is described in detail in section 7.3.11.2.1. V6045

is limited, however, tO just the areas around the antennas, and can be performed in a

relatively short amount of time. This inspection is performed exclusively in the OPF at

KSC.

7.3.15.3 Quantitative Data

conversations with TPS QC personnel indicate that it takes about 8 man hours to perform

this inspection. A review of TPS planning data indicates the elapsed time for the inspection
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process to be about I day. Approximately 50% of this inspection is of TPS bottomside

components.

7.3.15.4 Application of Robotics/Sensors

The V6045 inspection process could be automated using robotic/sensor based technology

approaches discussed for V6028 surface inspection (section 7.3.11.4. I). However, the

man hour savings realized by automating this process would be insignificant.

7.3.15.5 TPS Study Group Decision

It is the decision of the study group to not include the requirements for performing V6045

inspection when designing the initial system for TPS automation. It is felt that automation

of the process would not be cost justifiable. (note: this operation is really only a subset of

V6028 surface inspection and acmany already covered.)

7.3.16 Orbiter OML Surface Contour Measurement

The requh_nents for these measurements are def'med by the specification MLO301-0010,

entitled, "Reusable Surface Insulation (RSI) installation - Obiter Vehicle".

7.3.16.1 Background

During the review of previous TPS process improvement studies and in several

conversations with TPS personnel, It has been mentioned that a good application of

robotics for TPS processing might be Orbiter OML contour measurements. A review of the

specification describing surface contour requirements (MLO301-0010) indicates the

junctions of both dissimilar and similar TPS materials must maintain critical flushness

requirements as well as an overall smooth contour to prevent excessive turbulence and

overheating during Orbiter re-entry. In addition, some aerodynamic surface contours must

be periodically checked to insure aerodynamic functionality.

7.3.16.2 Current Method

Knowledge gained about performing these measurements is very limited because: I) The

process was not performed during the course of this study and therefore could not be
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witnessed, 2) The written procedure to perform these measurements could not be located

and, may in fact, not exist.

However, conversations with TPS engineers and technicians revealed that the present

method of making these measmen_nts is very crude, not very accurate and carried out by a

group of vehicle engineers. According to TPS personnel, the measurement process

consists of fabricating cardboard patterns based on OML CAD drawings. These cardboard

patterns are then manually held up to the Orbiter surface at In'e-defined locations along the

leading edges of wings, nose cap, and other critical surfaces, while a second person

watches for significant air gaps along the adjoining edge of the patterns and TPS.

Significant air gaps are then measured using dial indicators, feeler gages, and other

techniques that may not be very accurate. This process is typically carried out in the OPF at

KSC.

7.3.16.3 Quantitative Data

Conversations with TPS personnel indicate that these measurements are made on about

every other Orbiter refurbishment flow. The work is performed by engineers. How many

man hours are required for pattern lab, setup, measurement and documentation are

unknown at this time. Also unknown is how many people and how long the measurement

process takes.

7.3.16.4 Application of Robotlca/Sensore|

Coupling a 3-D topographical laser with a mobile robotic positioner, these measurements

could be made with a high degree of accuracy and repeatability.

7.3.16.5 TPS Study Group Decl,ion

It is the decision of the study group to include the requirements for performing these

contour measurements when designing the initial system for TPS automation. It is felt that

automation of the process could be justified by improvements to accuracy, repeatability and

documentation of the measurements made. The system components and functionality to

perform these measurements are already included in the requirements of other processes

selected for automation. Minimal development work wo_d be required to enable this

process to be performed autonomously.
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7.4 Summary of Processes SelectedlProductlvlty Benefits

This section summarizes the details discussed in section 7.3. Included is a list of candidate

processes selected by the TPS study group and a summarization of productivity benefits

achievable through automation.

7.4.1 Processes Selected

The following lists the processes selected by the TPS study group as best candidates for

automation using robotic and sensor based technologies:

1) Tile Cavity Digitization (P102)

2) Tile Rewaterproof (P113)

3) Tile Step & Gap (P310)

4) Non-Contact Tile Bond Verification (P315)

5) Tile Gap Filler Digitization (P601 - P604)

6) Bottomside TPS inspection (V6028 and V6037)

7) Orbiter OML Contour Measurements (MLO301-0010)

7.4.2 Summary of Benefits

The following summarizes process improvements to TPS processing that could be realized

by automating the selected processes using robotic and sensor based technologies.
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Labor Hour Savings

The number of labor hours saved by initially automating only tile rewaterproofing and

bottomside TPS inspections (V6028, V6037) with anomaly detection only would be about

600 man hours per Orbiter flow. It is assumed that these processes might be attacked first

to enable complete debug of the positioner mechanisms. Once all processes selected have

been fully implemented(approx 1 year later), the labor savings should climb to greater than

2530 man hours per flow.

Efficiency Improvements

Efficiency is a measure of how much faster a process could be performed in terms of

elapsed time. Automation of the processes selected would result in improved process

efficiency for some of the processes. These processes include:

TABLE 7-3 Process Efficiency Gains

Process Present Automated

description Method Method

Tile Bond Verification 8 hours 1.0 hour

Tile Cavity Digitization

* Post-Flight Inspect

Pre-OPF Rollout Inspect

8 - 10 hours 0.5 hours

3 weeks 2.5 to 7 days

7 days 2.5 to 7 days

* note: A shorter elapsed time for this inspection will mean earlier rework dispositions and

earlier WAD release.

7-86



Orbiter TPS Automation Study Final Report KSC-DM-3491

Human Safety

The major improvement to shop safety that results from the automation of these processes

is the reduced ¢xpo_sure of TPS __rson/lel to DMES during rewaterproofing.

Other shop safety issues addressed include reduced chances of falling from work.stands and

scaffolds during tile rewaterproof'mg and inspection operations and reduced operator

fatigue during all bottornside operations automated.

TPS Quality and Reliability

Significant TPS quality improvements would be realized by automation of many of the

selected processes. Tile Step and Gap, tile cavity digitization, tile gap digitization and OML

contour measurements would be more accurate, resulting in improved fits, better

assessments, improved fisrt pass yields(R/R work) and ultimately less rework.

Tile rewaterpmofmg would see improved accuracy and consistency as to how much DMES

is injected into each tile. Non-contact tile bond verification would completely eliminate the

chance of the present destruction of tiles that occurs frequendy when a pull force of 250 to

300 pounds is applied. In addition, non-contact tile bond verification would enable all

weak tile bonds be identified and corrected. This capability does not exist using present

practices.

A_ltomation of TPS inspections would _how the _greatest improvement to overall TPS

gga!Ry= Consistent, constantly improving techniques developed to identify anomalies and

measure defects would he applied to each and every tile, gap f'tller and other TPS

component in a relentless, repetitive, non-fatiguing fashion, that would reduce the potential

for human error. High resolution color pictorials and 3-D digitizations will provide QC

inspectors with more accurate information to make better decisions, concentrate only on

discrepant areas, and view defects with greater clarity.

7-87



Orbiter TPS Automation Study Final Report KSC-DM-3491

Engineering Assistance

Automating the selected processes will yield significant engineering assistance. The OML

contour measurements that are presently performed by a group of engineers would be

performed autonomously and more accurately. The digitizations, high resolution color

images and solid models produced during autonomous inspections (V6028, V6037) will

enable on-line rework dispositioning of most TPS anomalies.

Data Inter3,

Automating the selected processes will include the generation of complete and accurate

process status records in all cases. Accountability for processes performed will be logged

by mission, Orbiter, zone and individual TPS component. Anomaly and defect data will

include concise PR or DR report generation, MRB and engineering dispositions and

conclude with actual rework performed.

All data will be generated, checked for validity, and transferred in a realtime electronic

mode, with minimal human intervention. The present day problems with lack of

standardization and use of free form text fields that cannot be grouped, matched,

mnmmrized or further processed will be eliminated.
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8. PROCESS RANKING

A major part of this study has been the determination of which Thermal Protection System

(TPS) maintenance processes would benefit from automation. The methodology by which

the processes were selected consisted of roughly three efforts. First, a list of all the TPS

processes cmrently being performed(appendix "A") was generated and distributed to a11 the

study team members. Each member then made a sublist of which processes would be most

improved by automation and robotics. Second, the sublists were further refined by KSC

team members through interaction with KSC operations personnel and by other team

members through consultation with their colleagues working in automation and robotics.

Third, the refined sublist arrived at by study group consensus was submitted to a formal

analysis.

8.1 Formal Analysis

The formal analysis consists of two parts. The f'LrStpart is a qualitative evaluation of the

candidate processes using a process versus criterion matrix and the second part is a

pairwise comparison of the criteria to determine a hierarchy of criteria importance. The

second was done to test the consistency of the first part's results.

The qualitative evaluation is based on a task versus criteria matrix derived from the list of

candidate processes and programmatic, technological, and operational objectives for TPS

automation. Most of the criteria should be self explanatory, but the following criteria are

further defined. Complexity refers to the complexity of the process relative to automation.

Coverage is the amount of RSI to be accessed. Control refers to the complexity,

robustness, and safety of the guidance system required to automate the process. Total

Processing Time should reflect the impact on shuttle flow of automating the process.

Evolution is the abiLity of the automated system to grow with respect to taking on additional

processes. Availability is essentially lead time for technology acquisition. Personnel

Effectiveness refers to increase in human work efficiency. Process Rank is the weighted

sum of the 11 criteria values. The weights represent the relative importance of each of the

sub-criteria. The weights are derived by asking each of the evaluators to rank the criteria in

importance from 1 to 10 where 1 is least important and 10 is most important. The average
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of the evaluator's rankings for each criteria is found and normalized such that the sum of

the averages equal one.

Each of the criteria are then evaluated by assigning a value between 1 and 10 inclusive.

The values represent a qualitative evaluation of the improvement relative to each criteria that

the automation of a process would generate. They are also influenced by pairwise

comparisons among the processes and by each person's internal standards of what

constitutes improvement. The value is the ratio of payoff to effort ( P/E ) and is chosen

using the following guidelines:

8.2 Guidelines

VALUE GUIDELINE

I P/E is minimal. No essential benefit in automating process.

3 P/E may have value in technology demonstration.

5 P/E yields proof of concept (i.e. automated process is as effective by every measure as

manual process).

8 P/E is substantial. Automation of the process results in increased effectiveness.

tO P/E is maximum. Automated process would completely replace manual process

When evaluating cost, complexity, total processing time, and implementation time, an

increase in P/E reflects a reduction in these criteria.

The second part of the analysis is a pairwise evaluation of the criteria based on a technique

developed by Thomas L. Saaty (1). It serves as a formal validation of the criteria

weighting.

The summarization of the analysis resuhs and the forms used in scoring the processes

accompany this narrative. Tables 8-I through 8-3 summarize the results of the qualitative

analysis.
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8.3 Results

TABLE 8-1 Consenses R_kirms of Ot_erational Payoff Criteria

*WP DD BV GAP 723 SIG CON

Cost 6 4 3 6 6 7 4

Cot_lexity 5 4 3 4 7 6 4

Coverage 7 7 6 8 8 9 8

Control 8 6 6 8 8 7 6

Processing Time 8 7 5 3 4 5 4

Evolution 8 8 3 4 5 7 2

Availability 8 7 2 5 5 7 5

Effectiveness 7 6 6 7 7 6 4

Shop Safety 9 5 5 5 5 5 4

Flight Safety 5 6 6 4 5 6 5

Implementation Time 7 7 3 4 4 5 5

WP - Water Proofing DD - Defect Detection

8V - Bond Verification GAP - Gap Digitization

TD- Tile Digitization S/G - Step Gap

CON - Comour
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TABLE 8-2 Qrdered Criteria We'tghts

Shop Safety .149

Total Processing Time .149

Avaflabifity .132

Flight Safety .124

Implemention Time .091

Con_lexity .083

Personnel Effectiveness .083

Coverage .074

Cost .066

Evolution .033

Control .017

TABLE 8-3 Ordered Process Rank

T'de rewaterproofing 7.156

THe Step/Gap 6.081

TPS Inspection 6.071

THe Cavity Digitization 5.436

THe Gap Digitization 4.881

Contour Measurement 4.615

Bond Verification 4.36 t
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The graph in figure 8-1 shows the results of the pairwise analysis. Each of the groups on

the study team is represented by a curve.

TPS TEAM LEVEL1 RANKING
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FIGURE 8-1
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9. TPS PROCESS DESIGN FOCUS

The formal process ranking in section 8 ordered the seven TPS processes that were candidates for

automation. The study group then considered automation systems that could perform one or more

of these tasks. The seven tasks were partitioned into overlapping groups based on their

characteristics, shown below in Table 9-1.

Table 9-1. Process Groupings

CONTACT/NON- COVERAGE

Tile Cavity Digitization N F

Tile Rewateq_oofmg C M

Tile Step & Gap N F

Non-Contact Bond Verify N F

Gap filler Digitization N F

Visual Inspection N M

Contour Measurement N F

SENSOR/TOOL

YES

yES •

1) Contact (C) indicates that the task requires a mechanism to be brought into contact with the

orbiter, 2) Coverage indicates whether the task is normally performed on a large number of tiles

(M), or for only a few isolated and widely separated tiles (F), 3) SensorfI'ool indicates if a new

sensor or tool has to be developed to perform the task.

By grouping the processes into these categories, it becomes apparent that certain tasks can be

logicatly accomplished using a single system concept. This leads to the focus on selecting a

conceptual design that will initially perform a few tasks and that could later be expanded by adding

functionality for performing the remaining processes.

* [ Gapfillerfabricationturesnoncontact sensing,but because the sensor must see through a small slit.itmust be brought

essentially into contact with the upper opening of the gap]
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9.1 Initial processes

Based on interviews with operations, ranking results and the TPS study group consensus on

which processes would expedite the development schedule, rewaterproofing and defect detection

were selected as the initial processes for automation. Justification for the selection is broken down

into the following two areas:

1. Technology Impact

Both of the selected processes cover a large number of tiles, providing a prototype to verify the

positional capabilities necessary for step-and-repeat type tasks. The technology developed for these

tasks also provides a platform for incorporating the add-on processes described in section 9.2.

Each of the add-on processes requires the same mobile positioning system with either software-

only modifications or retrofitted with additional sensors / tools. The positioner system, control

system and all interfaces can be completely debugged prior to addons.

2. Operational ltr_ct

Automation of these processes will provide significant gains in the reduction of total processing

time and can utilize off-the-shelf technology with little or no modifications. In addition, successful

automation of RSI injection will have a major impact on shop safety, which was one of the top

ranked criteria in the section 8 evaluation.

Because current robot technology is best suited for repetitive tasks, these tasks are ideally suited to

current state-of-the-art technology. Furthermore, these two tasks can be easily performed by a

single, integrated system because their positioning requirements are similar. And since both tasks

are currently performed for every die on every flow, their automation could have a positive impact

on Shuttle turn around time. The efficiency gains for these two processes are detailed in sections

7.3 and 7.4.

Clearly, automation of RSI injection requires that the injection device be moved and positioned

relative to every die on the underside of the orbiter. This mobility requirement is also consistent

with the high-resolution image sensing requirement of the visual inspection task. Both tasks can be

performed in parallel because they do not interfere with each other. And their automation would be

a convincing demonstration of the state of the art in controls, mobile robotics, and computer

vision.
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9.2 Add-on Processes

Once a mobile system has been successfully demonstrated, it can be upgraded with the addition of

software only changes, to perform additional tasks such as tile cavity digitization, tile step and gap

measurements and OML contour measurement. Non-contact bond verification and tile gap

digitization could could be added after a suitable sensor or tool is developed.

Elements of the proposed solution for these tasks are common for other tasks. In later sections

positioning devices that are capable of wielding other tools and sensors for additional tasks will be

described

Cavity digitization involves measuring the exacting dimensions of a tile cavity and producing

information to machine a new tile. Much of the necessary equipment is already in place: a CAD

system which will convert the digitized data to NC commands and a 5-DOF milling machine.

Gap digitization is similar to cavity digitization except that the product is new gap Fillers. The

current process typically requires several tries to obtain a good fit.

Tile step and gap measurement could also be accomplished with a digitizer mounted on the robot.

Some tests have been performed on sensors usable for this application [appendix 'T']. A hand-held

tool for this purpose has already been designed and built.

Surface contour measurement is necessary to verify the aerodynamic contour of the underside of

the Shuttle. Currently this is performed every other flow using primitive manual techniques. A 3-D

sensor mounted on the robot will be positioned to acquire the necessary shape data.

Bond verification is needed after a new tile has been installed. Currently, a potentially destructive

pull test is employed to check bond integrity. Many tiles are damaged by this technique and some

are probably weakened. A non-contact method would reduce risk of tile damage during bond

verification. This sensor is being developed as a separate research project. Design hooks will be

provided to accompdate its mounting and positioning requirements.

Bond verification is also required for large areas of tiles, however, the only method presently

employed to accomplish this is by having a qualified technician manually "wiggle" a tile to
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determine its bond integrity. Once a new sensor is selected for non-contact bond verification,

integration with the proposed mobile positioner will enable for the first time the ability to rapidly

verify all tile bonds without degrading TI'S quality. The development of a non-contact sensor for

this process is being studied independent of this automation study by a different KSC group.
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10. System Concept Evolution

Section 10 discusses the methodology and design issues addressed in arriving at a

consolidated system concept for automating the seven TPS processes selected in the

previous sections(7 -9).

Conceptual system design began early during the TPS process study. Based on a review of

prior related studies, interviews with TPS personnel and early TPS study group findings, a

best guess list of potential TPS processes was compiled and presented to the group for

automation system concept design consideration. This approach, while somewhat risky,

was taken to enable sufficient time to research, test and experiment with many of the

constituent components comprising the final concept. It enabled sufficient time to consider

many alternatives and lower the associated tedmology risks, while at the same time,

enabled on going detailed analysis and investigation of an evolvingly reduced set of

candidate TPS processes. Under this approach, all members of the TPS study group were

kept working full time in their respective areas of expertise, resulting in a well thought out,

fully investigated system. In the end, the initial processes identif'led proved to be the most

justifiable and technically feasible. The risk paid off, and a comprehensive and thoroughly

investigative system concept evolution was possible.

Early in the system concept evolution, each represented organization of the study group

was asked to prepare and present what they thought would be the best solution to

automating the candidate processes. It was the concensus of the group that the independent

conceptual approach would yield the most variety of solutions, of which each could be

reviewed for capabilities, and the best ideas of each could be extracted for inclusion in a

unified concept.

Section tO presents many of these early system concepts and more. It begins by first

addressing sensor issues. Sensor devices and tooling are first discussed by selected TPS

process. The use of sensors for positional alignment and feedback is also briefly discussed.
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Next, positioning mechanisms are presented. It is here that early positional concepts are

presented with a brief discussion of strengths and weaknesses. Included in the discussion

are fixed sensor platforms, semi-autonomous vehicles and fully autonomous systems.

The common theme that emerged from these early concepts, is one of a mobile base and

some type of fine positioner. Although each candidate TPS process has its own unique

process requirements, all processes have a common need m accurately position one or more

sensors or tools in close proximity to the Orbiter. It was the concensus of the group that by

specifying a general-purpose positioning system that is both mobile and transportable, it is

possible to perform a variety of TPS refurbishment and inspection tasks in many different

facilities by either: l) changing the selected sensor or tool via quick disconnect, 2)

performing process unique routines using a generic set of sensors and tools, or 3) a

combination of both techniques.

Mechanical sub-system concepts are addressed next in this section. Details regarding the

proposed mobile base, elevator and end effector mechanisms are presented. A discussion is

then provided detailing the special studies performed and the steps taken to arrive at a

mutually agreed upon fine positioner mechanism.

Navigation and location strategies are also addressed in this section. Consideration was

given to many different types of location strategies, each employing differing mechanisms,

sensors and techniques. After considering many design factors, solutions are proposed

that require no facih'ty modification, are sufficiently accurate and require no maintenance.

The control system architecture chosen is also presented in this section. Reasons for

selecting a three level architecture are presented along with some of the key functional and

data requirements of the "enterprise", "workceIl" and "robot" levels.

This section concludes with a consolidated system concept. Many of the key design

features are summarized as part of this conclusion
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10.1 SENSOR & TOOL CONCEPTS

Each of the seven candidate 'ITS processes selected for automation will require a

combination of sensors and/or tools that wiU be functionally specific to the process. In the

following sections(10.1.1 - 10.1.8), each TI'S process is individually examined, and

concepts for suitable sensors and tools are developed.

In addition to these process-specific issues, there is a common requirement for a sensing

method to precisely determine the positioner location relative to the Orbiter TPS at the

conclusion of a base move. Concepts are presented employing "tile location strategies" to

satisfy this need(t0.1.9).

10.1.1 Tile Cavity Digitization

As described in section 7.3.1, the tracer pattern fabrication (cavity digitization) process is

extremely time consuming. Given a sensor with sufficient resolution, it is certain that

digitizing the tile cavity will be faster than the current procedure. Two general methods can

be used for dimensional inspection -- one using contact probes and the other using non-

contact 3-D topographic sensors.

Contact methods are widely used for highly accurate dimensional inspection in industry.

However, this task is not a good application for such methods because 1) a very large

number of sample data points will be needed to accurately describe a cavity, and 2) special

tooling would be required to sense all sides of a cavity. These shortcomings are so severe

that contact methods were eliminated from consideration.

Non-contact 3-D sensors are also widely used in industry, but are typically used on tasks

that do not require highly accurate measurements (e.g, inspection of metal castings). A

survey of commercially available 3-D sensors appears in appendix "I". Two of these

sensors, the Hymark and the Chesapeake LTG 21, indicate adequate resolution (.001" and

.000Y', respectively) to warrant consideration.\ Data from these or sim_ar sensors could be

used to generate the complete dimensional specifications for fabricating a new tile. Since

the Orbiter shape is well characterized, the correct planar or curved OML surface can be

fitted to the sensor data to generate high-quality output for tile fabrication.
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Figure 10-1 shows and example of the type of data that can be obtained using 3-D non-

contact methods. These data were obtained by scanning a cavity on a sample array of files

using a Hymarc model 45C sensor, which was mounted on a precision mechanical

positioning device (a Coordinate Measuring Machine, or CMM). The highly precise

movements of the machine allow the data to be easily integrated into a single reference

flame, as shown in the figure. Since the positioning method for the TPS automation system

cannot be expected to have the precision of a highly rigid CMM, it will be necessary to

interpret and combine the data without relying on precision movements of the sensor

around the cavity. Further work is necessary to determine which of several available

techniques will be adequate for data merging and interpretation.

Further study is also required to ensure that any chosen sensor achieves sufficient

resolution in this application. Vendors typically measure a sensor's range resolution by

repeatedly sensing an ideal, matte reflective surface using an ideal sensor configuration

(usually the sensor is positioned for a perpendicular view of the surface). Any deviation

from these ideal conditions degrades the sensor performance. Further testing is required for

this application because the surfaces to be sensed are far from ideal. In particular, since the

side surfaces of tiles are somewhat shielded from aerodynamic friction (compared with the

OML), they are likely to retain their dark and shiny appearance. And since the sensor

cannot be positioned for a perpendicular view of these surfaces, most of the projected

energy from the sensor may be either absorbed by the surface or reflected away from the

detector. This effect significandy degrades the performance of most sensors, usually by

causing the data to be very noisy. (Note that some sensors detect this condition and mark

those measurements having insufficient signal as invalid.) Some of the new sensor designs

provide for feedback from the detector to the laser power so that good data can be obtained

from a wide variety of surfaces.

Given a sensor that obtains adequate resolution (about +/- 1 mil), the software required to

interpret the sensor data and generate high quality output data for fabricating the tile may

nevertheless be formidable. The essential problem for interpretation of 3-D data is the

variation (or noise) between neighboring measurements. This noise for measurements on a

single fiat surface is often as large or larger than twice the measured sensor resolution. For

example, data from sensors having +/- 1 rail resolution often contain neighboring

measurements that differ by more than 2 mils. Such noise is seldom a problem for sensing

a single surface because an average of neighboring measurements can be used to smooth
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the data. However, this noise can greatly compficate the process of separating (aka,

segmenting) two surfaces. For example, consider the tile cavity shown in Figure 10-2. The

side surface at the top of the cavity consists of two paraUel planes with a small step between

them. Further tests are necessary to show that small steps of this type can be detected and

accurately described.

10.1.2 Tile Re-Waterproofing

In the current method of tile rewaterproofmg, the operator can see if any leaks occur and

can estimate their magnitude, so that a repeat injection can be performed if necessary. In

order to automate the re-waterproofing task, the system must automatically trap, detect, and

measure any leaking DMES. Two concepts for a modified injection tool are described, one

using a sponge-type material to absorb any leaks (Section 10.1.2.1) and the other using

vacuum to trap leaks (10.1.2.2). Both concepts incorporate techniques to measure the

volume of leaked DMES. A detailed study of various techniques for leak trapping,

detection and measuren_nt appears in appendix "J".

Since the tool tip diameter is only about 0.375 inch and since the tip must completely cover

each injection hole to avoid leaks, the position of injection hole(s) on each tile must be

known with high-precision. However, the location of the hole only needs to be determined

the first time each Orbiter is processed by the TPS automation system. The precise hole

location with respect to the tile's centmid is then stored for use on subsequent missions.

Section 10.1.2.3 describes several methods to find the injection hole on each tile.

Note that a desirable feature of a modified tool is to increase the diameter of the tip, so as to

lower the required positional accuracy of the automation system. However, increasing the

tip diameter is expected to increase the force required to achieve an adequate seal, because

the force is related to the area of contact between the tile surface and the pressurized DMES

and dry nitrogen. Although preliminary tests indicate that the increased sealing force will

not damage the flies, it is desirable to minirmz"e the required force to reduce the constraints

on the mechanical design. The second conceptual design (Section 10.1.2.2) addresses this

issue by using vacuum to provide a portion of the sealing force.
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1 0.1.2.1 Leak Absorption and Measurement

The fundamental concept is to surround the injection nozzle with a ring of sponge-like

material to intercept and absorb any streams of leaking DMES. Figure 10-3 illustrates the

modified injection tool with significant modifications to the existing, manual injection tool

shown as shaded regions. The sponge is mounted on a spring in order to measure the

mass (and hence, the volume) of any leaks. After each injection operation, the tool is

pulled away from the tile surface and the sponge/spring structure is made to oscillate (e.g.,

by exciting it with a solenoid). The oscigation frequency indicates whether any additional

mass, i.e. leaked DMES, has been absorbed.

In the current concept, the sponge/spring is supported by flex bearings (e.g., composed of

thin sheets of flexible spring material such as a beryllium-copper alloy). The flex bearing

design allows the spring to oscillate about its central axis, but inhibits any other motion.

This is desirable to ensure that only one mode of oscillation is excited by the action of the

exciter/detector coils on the permanent magnets. The rotational mode of oscillation was

chosen over translational modes to reduce air damping, because damping wig broaden the

resonance peak (in the frequency domain) and thereby reduce measurement accuracy.

The design shown in Figure 10-3 includes limit switches to interrupt power and prevent

damage to the Shuttle under an error condition. A light suction is also included to

evaporate the DMES from the absorbant material after a leak has been found. The only

other significant modification m the manual injector is a flow meter to measure the DMES

flow m the injector. It is expected that the flow meter can be a standard Venmri type of

meter, but further work is needed to determine ff this type of flow meter will give adequate

transient response (the steady state response of Venturi flow meters is good, often with less

than 1% error).

Since a computer wig already be in the system to control the robot, it makes sense to take

advantage of the computer for calibration of the detector. This wig be done occasionally in

between injections. The calibration will consist of a sending an impulse to the

exciter/detector coils and measuring the resonance frequency. The calibration wig be fast (

< 0.1 sec) and wig adjust for any gradual changes in the detector system, such as might

10-8



KSC-DM-3491

FIOX

Rlng

InJo_on
Head

FIGURE 10-3 MODIFIED TILE REWATERPROOFING TOOL



Orbiter TPS Automation Study Final Report KSC-DM-3491

occur from temperature variations, contaminants, creep, etc. In the event a leak is detected,

calibration can also be used to verify that the DMES has been fully evaporated by the air

suction before the next injection is attempted.

One other issue should be mentioned. It is possible that the absorbed fluid will not oscillate

in phase with the sponge. This might happen ff the absorbant material does not hold the

fluid adequately, or at too high a frequency. Experiments will be needed to determine if

this is a significant effect. In the event that it is, the phenomena will show up as increased

damping of the oscillation, or, alternately, as an additional phase shift between the

sponge/spring oscillation and the exciter coil current when the exciter coils are driven at a

given frequency. This effect may make an accurate determination of the leaked fluid more

difficult. Several approaches might be used to address this issue. One approach is to

measure the amplitude of oscillation, and hence the damping, rather than measure its

frequency. Another approach is to excite the oscillation and measure phase shifts. A third

approach is to use a denser absorbant material that holds the fluid more strongly. Finally,

lower frequencies might be used to reduce the accelerations and forces experienced by the

fluid.

10.1.2.2 Vacuum Leak Trapping and Measurement

The modified tool for trapping leaked DMES with a vacuum seal surrounding the injection

tip is illustrated in Figure 10-4. (The figure is intended only to convey the tool components

and their general layout and is not to scale.) Figure 10-4 shows the leak detection

subsystem of this conceptual design, which can be located some distance (several meters)

from the tool and need not be mounted on the end effector. The tool and detector

subsystems are connected only by the tube shown in both figures

An operational scenario is as follows. To rewaterproof a tile, the tool is positioned so that

the RTV Suction Seal is against the tile's surface. At this point in the cycle there is no

vacuum, so the Retraction Spring pushes the injection head against the Mechanical Stops.

(The Retraction Spring will be a fairly weak spring, generating roughly 1 to 5 pounds of

force.)
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The next step in the injection cycle will be to apply vacuum. This is done by opening both

Valve A and Valve B (Figure 10-5) while holding the Release Valve closed. Both Valves A

and B will be solenoid actuated valves. The quality of the RTV Suction Seal is then

measured using the Pressure Gauge (which will be solid state for high speed and

accuracy.) If the quality of the RTV Suction Seal against the tile is inadequate, i.e. the

Vacuum Pump cannot pump down to low pressures, the injection process is aborted, the

tile location is recorded, and manual injection will be necessary for this tile.

I[ ..4__. Suction Tube from

... the End Effector

_ Releue Valve

Thermal [

Stablllz_ I

Control
Volume

Valve B

V_uum

Pump

Figure 10-5: Leak Detection Subsystem Using DMES Vapor Pressure

Assuming the seal is adequate, a drop in pressure wRl be detected. (Note that the Rolling

Diaphragm will seal against air entering the system. RoLling diaphragms can be obtained

commercially.) As the pressure drops, atmospheric pressure will push on the Pressure

Surface. Since the Retraction Spring is weak, the forces on the Pressure Surface will cause

the injection head to be forced against the tile. The Alignment Bearings maintain proper

alignment of the injection head. (The Alignment Bearings can be a simple tube of stainless

steel. Alternately, they can be dry roller bearings for reduced wear and friction.) By

adjusting the area of the Pressure Surface, the injection head force necessary for injection
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sealing can be obtained. If Ap is the area of the Pressure Surface in square inches, and

atmospheric pressure is roughly 15 psi, the force, Fp, on the Pressure Surface will be:

Fp= Ap(15psi) (1)

For example, a Pressure Surface having a diameter of 1.8 inches generates about 40

pounds of force on the injection tool. Thus, it can be seen that the concept of using

vacuum to provide substantial sealing forces is plausible.

After achieving an adequate seal, the next step will be injection of the DIMES fluid (with 40

psi dry nitrogen). Leaking fluid will be detected by a rise in pressure monitored by the

Pressure Gauge. This approach relies on the substantial vapor pressure of DMES (230 mm

Hg at 20 °C). If no leak is detected, Valve A (Figure 10-5) is closed and the Release Valve

is opened. This releases the suction and the robot moves to the next tile for injection.

If there is a DMES leak, it is absorbed by the Collector (Figure 10-4). The purpose of the

Collector is to speed up the evaporation of DIMES. When liquid begins to evaporate, the

remaining liquid is cooled, the temperature drops, and evaporation slows down. By

providing a thermal mass in the Collector, the temperature drop due to evaporation is

decreased, so a high rate of evaporation is maintained. The Collector is also designed to

spread out the DMES so that the fluid achieves a good thermal contact with the thermal

mass of the Collector. The design of the Collector is discussed in more detail in the

Development Issues section below.

The evaporated DMES passes through holes in the Alignment Bearings, out the Teflon tube

and then passes through the Thermal Stabilizer (Figure 10-5). The Thermal Stabilizer

forces the DlVlES vapor to be at a known temperanLre. This component can be made of a

block of aluminum, copper, or other high thermal conductivity material through which

small holes are drilled. Alternately it can be a long spiral coil of small diameter tubing

immersed in a fluid or in a fan-driven flow of air. If needed, the temperature of the

Thermal Stabilizer can be monitored directly with a thermocouple. To reduce system

volume, it may be desirable to incorporate the Thermal StabiliTer into the Control Volume.

The Control Volume is just a fixed volume into which the DMES vapor can flow. For the

sake of clarity these two functions are described and drawn separately, but in practice they
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can be the same physical component. In this case Valve A will be placed before the

Thermal Stabilizer/Control Volume.

At a given temperature, the quantity of leaked DMES can be measured using a known

volume and a measured pressure. This is done using Valves A and B, the Control Volume,

and the Vacuum Pump. Initially Valve A is open and B is closed. DMES vapor flows into

the Control Volume. Valve A is then also closed and the pressure is measured using the

Pressure Gauge. The mass of the DMES in the Control Volume can then be calculated

using the known volume in the Control Volume and density versus pressure curves for

DMES vapor at the given temperature. After the mass is calculated by the robot's

computer, Valve B is opened. The Vacuum Pump is never shut off during the injection

process, so that opening Valve B allows the Vacuum Pump to remove the DMES in the

Control Volume. Valve B is then closed, Valve A is opened, and the entire sequence is

repeated until no more DMES vapor is detected by the pressure gauge.

Development Issues

There are two major issues that need to be addressed: 1) obtaining a suitable vacuum, 2) the

speed of the system.

The issue of obtaining a suitable vacuum does not concern the RTV Suction Seal itselL

The RTV Suction Seal should be fairly straight forward, and a failure to seal with the RTV

Suction Seal indicates an abnormal surface roughness or surface defect. In this case DMES

injection should probably not be attempted on such a tile in the fLrst place, so failure to seal

can be an advantageous waming signal. The real issue is whether there are too many small

cracks or pores in the tile surface for sufficient vacuum sealing. Results of a preliminary

vacuum test (appendix "J") are encouraging, but this issue needs further evaluation,

experiments, and inspection of actual tiles in use.

A related issue, but one which is not as potentially serious, is that air will be pulled out of

the injection hole. This should not he a problem ff the Retraction Spring is weak and the

Vacuum Pump is strong. In this case the force on the injection head due to pressure

differences should push the head against the injection hole even before a full vacuum is

obtained. As a worst case scenario, the Retraction Spring can be replaced with a small

actuator.
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The second issue, speed of leak detection and measurement, is determined primarily by the

pumping speed and the evaporation rate. The pumping speed can always be increased by

increasing the power of the pump and/or by decreasing the gas flow resistance. For this

type of system one can also use a large, evacuated volume with valving as a vacuum

reservoir. Such a vacuum reservoir will level out the load on the pump between injections.

Thus, pump speed is not expected to a significant issue.

Evaporation rate is determined by the properties of DMES and the design of the Collector.

Determination of the evaporation rate by analysis for a given Collector design is a very

complex problem involving several disciplines including fluid dynamics, absorption,

material compatibility questions, and heat transfer to name a few. In practice a better

approach is by experimentation. At this time all the thermodynamic properties of DMES

have not yet been located in the literature or measured. In particular, the heat of

vaporization is unknown at present.

10.1.2.3 Finding the Injection Hole on a Tile

As previously described, the exact location of the hole on each t/le must be measured the

first time each Orbiter is processed by the TPS automation system. Once measured, this

location will be stored relative to the tile edges, centroid, or other easily measured feature.

Injection hole(s) are surrounded by a small white circle on the vast majority of tiles (see

Figure 10-6). These circles can be readily detected using conventional machine-vision

techniques, thereby restricting the search to a small region. Note that the center of these

circles can provide good reference points for describing the hole location on each tile.

Unfortunately, some tiles do not have easily recognized circles due to omission, wear or

coverage by RTV outgassing common with AMES gap fillers.

Locating Holes with Intensity Images

The injection holes penetrate the OML of the tiles and consequently, the bottoms of the hole

appear white. This white spot will be detectable in a sufficiently high resolution image, if

the light source is placed orthogonal to the OML. The disadvantage of this technique is that

it requires that the illumination be orthogonal to the hole. As the illumination becomes
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inclined relative to the surface, the bottom of the hole gets shadowed by the hole edges and

the contrast between the hole and the background disappears. If this procedure is used on a

large area of the tile it may be difficult to maintain orthogonal illumination. A further

disadvantage is that many tiles become coated with a light-grey material over time, resulting

in low contrast between the tile surface and the substrate material.

An alternative intensity-based technique is to illuminate the tile with low angle illumination

so that the entire tile surface appears light. The hole is now in shadow and appears dark.

Further tests are required to ensure that this technique will succeed on tiles having a surface

that is not smooth (the study group observed several such tiles on the Orbiters).

Locating Holes with 3-D Data

A 3-D topographic sensor such as the Perccptron or the DSC scanner could theoretically

locate the injection hole. However, this approach has two potential drawbacks.

First, the scanners are slow. Assuming an average rate of 5000 data points per second, it

will take 8 seconds to scan a 2"x2" square area with I0 rnil resolution (which will be

required to reliably detect a 50 rail diameter hole). This is in contrast to the 0.033 second

acquisition time for one intensity image (video rates).

Second, the sensor may malfunction when its beam transitions from the dark tile surface to

the white substrate visible in the hole, causing erroneous data values that may make hole

detection difficult. Some sensors control the intensity of the laser in order to compensate

for the dynamic range. Further tests are required to determine the necessary sensor

capabilities for this task.

10.1.3 Tile Step And Gap

Preliminary tests indicate that good results are achievable using 3-D topographical sensors

(e.g., see Figure I0.1.1-1 regarding sensing for Cavity Digitization). Such a sensor can

provide hundreds of measurements of tile gap or step over a large area (ie > 4 inches).

Currently available 3-D topographical lasers (e.g., Hymarc) can measure and record data at

a rate up to 10000 points per second. This data can be further processed to produce

average, min, max, std deviation, range, etc..., statistics that will be more robust than a

single measurement.
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10.1.4 Non-Contact Tile Bond Verlflcatlon

Sensor technology to automate this task is being developed under another program (see

Section 7.3.4 for a description). When available, this sensor can be mounted on the end-

effector of the TPS automation system.

10.1.5 Tile Gap Filler Digitization

In principle a 3-D topographic sensor can be used to determine the cross-sectional geometry

of tile gaps for fabrication of fdlers. However, since the gaps are very narrow (100 - 250

mils), special packaging of the sensor may be required to ensure that both the transmitted

beam and the detector are not occluded by the tile OML. Note that about 95 % of the gaps

have OML gaps >= IML gaps. Although further tests are required, it may be possible to

measure these gaps without the special tooling, that will probably be requked for the

remaimn" g gaps (whose OML opening is smaller than their IML gap).

10.1.6 Bottomside Post Flight TPS Inspection (V6028)

Automatic visual inspection of tries has usually been considered infeasible in the past,

because of the difficulty of finding the truly defective regions in the presence of other non-

defective regions having similar appearance. However, by exploiting the extensive

historical data that exists for each tile, visual detection on anomalous regions is well within

the capabilities of existing technology.

The method employed wig automatically compare images obtained before flight and after

flight for each tile (the post-flight image of each tile wig become its reference image for the

next flight, except for those files requiring repairs, in which case the I_'e-OPF rollout in.gO

wig become the reference image.). Changes, such as new light or dark regions, resulting

from damage or contamination to the emissive coating, wig be flagged as possible defects.

A high-resolu_n image of possible defects wig then be obtained for display to an operator,

either on-line at time of inspection or at a later time on a work station The obtained image

wig also be used for record-keeping and rework clisposifioning purposes.
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The system will be equipped to automatically label the anomalous region (eg., with the

V6028 white tape label) to assist an inspector in locating it on the Orbiter. In this way the

bulk of the inspection on normal tiles will be performed automatically, while the difficuh

job of classifying the relatively small number(<1000) of anomalies will be performed by

highly-skilled operators, using the best talents of both machine and man.

This is envisioned as the initial stage of automated TPS inspection development. Later

stages will include 3-D topographical sensor based anomaly measurement, online defect

determination, autonomous discrepancy report(DR) generation and a host of other

enhancements.

10.1.6.1 High-Resolution Grey-Scale Images

The high-resolution images described in the preceding scenario are necessary to provide

adequate information to an inspector viewing the display screen. A determination of the

required image resolution (in pixels per inch on the tile surface) requires experimentation

with several inspectors and is beyond the scope of this study at this point. As an example

of other high-resolution images used by humans for decision making, studies by the postal

service indicate that images having 180 pixels per inch resolution are necessary for human

operators to read address labels on a display screen (automatic character recognition

typically requires 200-300 pixels per inch). It is also important to note that the system must

guarantee a minimum resolution in any direction, since anomalous features can appear at

any orientation in the image. For example, a 512 x 512 pixel camera arranged to have a 6-

inch square field-of-view provides 85 pixels/inch resolution in the image directions

corresponding to the rows and columns of pixels, but only provides 60 pixels/inch in the

diagonal direction.

As car/be seen from the survey of commercially available cameras (appendix "H") there are

no i111_]g/:g¢..£i_ cameras that will provide 180 pixels/inch over a standard 6 inch tile.

Several methods to obtain high resolution images using available cameras are described in

the following subsections.

Mosaic Imaging
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One very simple method to obtain high resolution images is to form a composite or

"mosaic" image of a tile from several high-resolution images of portions of the tile. Since

the cameras can be rigidly mounted on a common platform (with slightly-overlapping fields

of view), they can be calibrated so that their distortions are repeatable and thus can be

removed by image processing software to provide a mosaic-image free from distortions.

For example, a resolution of 180 pixels/'mch across the diagonal of a 6 inch square tile can

be obtained by combining the images of 9 cameras having 512x.512 pixels. The field of

view of each camera will be a square area of the tile having sides of 2 inches.

Steerable High-Resolution Camera

If all anomalies of interest can be detected in lower-resolution images, then another

possibility is to detect any anomaly at low (coarse) resolution and then point a camera with

a telephoto lens (i.e., the camera has a small field-of-view) at the region to obtain a high

resolution image of it. This option has the disadvantage of requiring additional time to re-

orient the high-resolution camera, which wig negatively impact the time required to

complete the robot's mission if a large number of regions were classified as anomalous.

Swept-Line Camera

Very high-resolution images can be obtained by sweeping the view of a linear array

camera. For example, a device using one 2048 element line camera can provide 240

pixels/inch across the diagonal of a 6-inch tile. Higher resolution could be obtained by

using multiple cameras. In addition to the obvious advantage of high resolution, this type

of arrangement allows the available light to be focused in the linear viewing region, so that

less overall power is required for adequate illumination. The disadvantages of this approach

are complexity, weight, and cost. While still within the body of known technology, the

complexity of controlling a swept or rotating prism (or mirror) is significant. It will

probably also be necessary to include an auto-focus mechanism, since the length of the

optical path changes from the middle to the edge of the tile. (However, further study and

experimentation may show that adequate depth-of-field can be obtained for some

configurations.) Note, that although the software will not be trivial, it should be possible to

produce a high-quality image since both the known tile size and the previously-stored

image provide a correction method for any unexpected image distortions (e.g., from a

variation in the rotary speed of the prism).
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10. 1.6.2 Color Vision

Despite the wide availability of color video cameras, accurate measurement of true color is

rather complex and usually requires special instrumentation in a laboratory setting. One

major difficulty with color measurements in the OPF environment is uncontrolled ambient

fighting. For example, nearby fluorescent lights add a green tint to the measured colors,

whereas incandescent lights typically add a yellow tint. Another problem is that the color

balance of light sources and the spectral sensitivity of cameras change over time, so that

even when there are no problems with ambient lighting, the color measurements are not

absolute. In addition to these general problems, measuring the color of an outgassing

pattern on a tile is further complicated by the fact that the material is not opaque, and

therefore the color measurement for a region includes the variable appearance of the tile

surface. Finally, it is worth noting that the true color of a region is often significantly

different from the color that people perceive. This effect is probably an artifact of the

process that allows people to perceive colors more-or-less correctly even under fluorescent

lighting (whereas the colors in a photograph using fluorescent lighting are noticeably

tinted).

Although the appearance of a tile is often very complex (due to outgassing patterns and

previous repairs), the presence of colored material is rare. With few exceptions (e.g.,

reddish outgassing originating at an instrument) these colored regions are anomalous. Thus

the system need only detect color differences relative to the normal background color. An

industrial quality 3-chip video camera is sufficient for this purpose, if a target of known

color is placed in every image. A survey of video cameras is included in the appendix "H'.

The known characteristics of the target allow for automatic correction of the image

brightness and color balance, so that image measurements are repeatable.

Figure 10-8 shows a simple and reliable design for a color camera and known target. In

this design the target is a painted frame just within the camera field of view. Having the

target surround the image is important because it improves the ability to compensate for

lighting variations across the field of view (e.g., caused by uncontrolled lights of differing

type and intensity lying on opposite sides of the TPS robot). By painting the frame a single

color (e.g., light gray) and making its visible portion cover a strip about an inch wide

around the edge of the camera field of view, then it will not be necessary for the frame be in
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sharp focus. That is, safe operation can be ensured by placing the frame a short distance

away from the tile surface (the proper distance will depend on the lens focal length). The

calibration software will only use the middle portion of the frame region to eliminate edge

artifacts due to its being slightly out of focus.

10.1.6.3 Charred Filler-Bar Inspection

This part of the subsurface inspection process can be automated using a specially-designed

sensor. However, the design of such a tool is non-trivial because the gaps are very narrow

(about lO0 mils) and can be several inches deep. Observing the condition of the filler-bars

through this thin slit wig require special tools. Assuming such a tool is developed, it will

be inserted into a gap and moved along the gap to obtain readings. The control system for

the insertion and translation will need the following capabilities: (1) compliant fine position

and force control to avoid damaging the sides of the tiles, (2) soft mechanical or visual

tracking for following the gap between the tiles, (3) sensors for detecting unexpected gap

tigers that may obstruct the motion of the tool.

Charring of the filler-bar has two indicators. The primeay indication of a filler-bar problem

is a change in color - from the normal red color through dark brown/black, depending on

the degree of charring. The degree of charring (and hence the necessary rework) is

measured as a change in resiliency and is detected by pressing the filler bar with plastic

shims.

A specialized tool for detecting charred filler-bar need only check for a change in color.

Fiberoptic techniques, such as those used in borescopes and medical endoscopes, are

applicable to the imaging problem. One conceptual design is shown in Figure 10-9. A long

flexible fiberoptic lightpipe brings light to the tip of the tool. A second lightpipe brings the

reflected light back to the photosensor. The lightpipes have to be extremely thin and need

not be spatially coherent (i.e., they do not have to form an image at the sensor). The color

can be measured using a beam splitter, color filters, and pin-diedes to measure their relative

intensities in two or more spectral bands (e.g., red and green). Experiments may reveal

other spectral characteristics of the filler bar. For example, the color change from red to

black may be easier to detect at near IR wavelengths. (One would expect that the charred
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material to be a good absorber of IR.) Further studies and tests are required to refme these

concepts.

A tool can also be designed to perform the resiliency test. By measuring the distance

travelled by a probe and the resisting forces, filler-bar conditions can be quantified.

10.1.7 Bottomslde Pre-OPF Rollout Inspection (V6037)

As described in section 7.3.12, this inspection is a subset of the bottomside V6028

inspection described in Section 10.1.6. As such, the same sensors and techniques win be

used.

10.1.8 OML Contour Measurements

By coupling a 3-D topographical sensor with a mobile robotic positioner, these

measurements can be made with a high degree of accuracy and repeatability. Data

interpretation software can detect and remove data from tile gaps, average the data from the

OML of each tile, and combine the data into a corm'non reference frame. Cross-sections of

the data can be displayed on a graphical display superimposed on the design shape for easy

comparison with deviations to known limits higldighted. If desired, curved surfaces of any

type (polynomial, B-spline, etc.) can be fit to the data for estimation of aerodynamic or

other properties of the current contour.

10.1.9 Common Sensor Processes

All of the processes under consideration share a common need for accurate positioning of

the end effector with respect to a specific group of tiles or single tile. In addition, it may be

desirable to periodically verify the actual tile identification during some TPS processes.

10 1.9.1 TPS Location Alignment

Gross positioning of the mobile robotic base and elevator will be accomplished using tile

location data and radio based triangulation techniques. However, due to operating

tolerances (e.g. tile location stack up, triangnlation accuracy, Orbiter parking tolerances) the

need to perform position calibrations will be a common requirement to all processes.
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Two types of positioner calibration will be required that employ sensors for input: Orbiter

OML zone alignment and specific tile alignment.

Orbiter OML Zone Alignment

Orbiter OML zone alignment wig be performed after each move of the mobile base,

typically before performing work on a large group of tiles. This operation wig result in

only a reference frame correction and wig not be foUowed by positioner moves. The

purpose of this calibration wig be to correct the robot arm base reference frame in X, Y, Z,

Yaw, Pitch, and Roll, relative to where the tile position data indicates the Orbiter reference

frame is.

OML zone alignment will be accomplished by positioning the end effector to a minimum of

three widely separated key TPS features. These key features may be tile edges, vertices or

centroids. At each key TPS feature, translational and rotational offset deviations to X, Y

and Z wig be recorded. Translation offsets parallel to the OML surface wig typically be

measured using a standard 2-D grey scale type camera, while tool to TPS distances wig

typically require a 3-D topograghic sensor. The 3-D measurements will only require a

single stripe of low density to be sufficiendy accurate, indicating that speed of execution

wig not be an issue.

The data acquired wig be used to adjust translations and rotations to the robot reference

frame, after which, moves to individual tiles within the zone wig be sufficiently accurate

for most TI:'S processes.

Specific Tile Alignment

Some TPS processes, (for example tile or gap digitization,) wig requh-e that the robot tool

center point(TCP) be precisely aligned perpendicular to a tile surface at the tile centroid or

gap. This process wig be accomplished by fast moving to an approach point, believed to

be perpendicular to the tile surface, and through the tile centroid. Measurements wig be

made capturing deviations to perpendicular rotations and actual tool to OML distances using

a 3-D topographical sensor. An end effector move wig then made to correct tool approach

angle and distance. Next, measurements will be made using a 2-D camera to capture
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deviations to angular rotation and translations to the appropriate X, Y and/or Z axes. An

end effector move will then be made to center the TCP through the tile centroid and rotated

the correct orientation for the TI'S process to be performed. As with OML zone alignment,

die edges, vertices and surfaces will typically be used to determine angles and distances.

10.1.9.2 Tile ID Verification

During the course of the TPS process study special tests were conducted m determine the

operational tolerances for tile locations and Orbiter parldng were reasonably accurate

(appendix "L"). Detailed studies were also performed (section 10.4.1) of presently

available location sensors and it was concluded that positioning a mobile robot end effector

to the approach point of a specific tile can be accomplished with certainty without having to

read the tile ID to verify it is the correct one. However, it was also considered a desirable

feanue to be able to determine a tiles unique ID using sensor techniques to make the system

more robust and redundant.

Tile ID By Comparison

Each tile has a unique identifying number painted on the emissive coating. However,

automatically reading the number to determine which tile is being observed will be

somewhat difficult, because many of the characters are partially or totally obscured by

outgassing patterns, white circles around RSI injection holes, and previous repairs.

An additional difficulty m reading tile ID's, is that several different type fonts are used on

tiles. But since the font used on each tile is (presumably) encoded in the tile's history, the

appropriate image processing routines can be used to detect the features characteristic of

each font. For example, the characters in several of the fonts consist of straight line

segments (block letters), but the characters in other fonts are composed of small dots.

Instead of attempting m read the characters, the system can simply verify that the observed

tile is the correct one by comparing its current appearance to its stored image. That is, the

system can use the visible portions of the characters to determine if the identification

number is consistent with its prior appearance.
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Itis alsoworth noting thatalthough the appearance of most tilesseems similar,close

examination shows that most tiles have distinctive markings with respect to their neighbors

(see Figure 10-10). In the unusual case where the comparison between detected and

expected tile numbers is not conclusive, these marking can be used to help determine the

tile identity.

Even in a worst-case scenario, where the end-effector is inadvertendy positioned on a tile

neighboring the desired one, there are relatively few adjacent tiles (usually only 6) and

comparison between the the current image and the stored images for all adjacent tiles can

find the best match.

10.1.10 Sensor and Tool Summarization

The information presented concerning sensors and tools is only a general overview of the

detail._ necessary to specify devices for fabrication of the system. Further details regarding

special tests and studies perfozmed, including estimates of sensor resolutions is provided in

appendices"H" through "K" of this report.

Conceptual designs for sensors to accomplish the seven TPS processes will include 2-D

grey scale vision,high resolutioncolor visionand 3-D topographicalsensor, at minimum.

Specialized tools will include a modified tile rewaterproofmg tool and a filler bar inspection

tool. A noncontact tile bond verification sensor is being researched and developed under

another program, but is being planned for inclusion in this system design.

To summarize, the application of sensors and mois to perform the selected TPS tasks is

achievable, however, additional testing and research will be necessary before final

decisions can be made regarding specific sensor requirements.
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10.2 POSITIONING MECHANISM CONCEPTS

With a general idea of the sensors and tools necessary to perform the TPS processes

known, it was necessary to determine how those devices will be positioned to carry out the

selected processes. This is the primary function of the positioning mechanism. The

secondary function of the positioning mechanism is to provide resources, such as power

and communications, to the attached sensors, tools and ancillary devices.

Concepts for several different positioning mechanisms were developed independently by

the Study Group participants, and presented at the second meeting. These concepts were

surprisingly similar. The solutions tended to address the need for a system with a large

work envelope which had minimal impact on existing facilities. It was recognized that such

a device will probably require two types of positioning mechanisms, the first capable of

large and relatively inaccurate displacements, and the second capable of executing small

precise motions for fine alignment. All concepts recognized that a mobile base represents

the optimum solution to the coarse positioning problem, and most considered some type of

robotic ann as being the preferred solution to the fine alignment problem.

10.2.1 Fixed and Semi-Mobile Concepts

Several positioner concepts that were not fully mobile were considered and abandoned for

various reasons. These systems must still perform the basic function of placing the sensors

in proximity to the TPS components being processed, but there was some initial feeling that

perhaps a fully mobile solution was too complicated and would be an over-kill.

A "garage door" type device was proposed. This concept envisioned positioning sensors

around a work stand. This work stand would orient the sensors in such a way that the

Orbiter could be towed past them, and the sensors would remotely gather pertinent data.

Several factors led to the early demise of this concept. It became apparent that the required

sensing technology doe_ not currently exist, and would have to be developed.

Also, this approach requires multiples of the same sensor to accomplish a given task,

which based on current prices, would be v¢_ expensive. This approach would also require

extensive facility modification, and an installation would be required at each facility.
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Finally, this concept would be incapable of accomplishing any refurbishment or re-

waterproof'rag, so its utility would be further limited.

Several concepts were considered which required extensive facility modifications. A

company was identified which manufactures a planar arm which is mounted on a

telescoping elevator. A SCARA type robotic ann is then mounted at the end of the planar

ann. This system (Figure 10-I 1) was originally designed to spray paint airplanes. It has the

ability to reach about sixty feet horizontally, and fifty feet vertically. This concept

obviously requires extensive facility modification in order to install the elevating

mechanism. It was estimated that at least two devices per facility would be required to

service the Orbiter. Also, this device is not transportable, so an installation would be

required at each facility were TPS processing was tO OCCUL

Several robot manufacturers have suggested mounting their fully articulated arms on a rag

mechanism. This idea again suffers from the extensive facility modifications which would

be required. Also, obviously such a design would not be transportable. This concept would

have an extreme impact on the workplace environment, particularly in the OPF where such

a mechanism would have trouble working around the crowded environment.

When compared with these concepts, the Study Group concluded that the mobile robot

offered the best solution to the problems presented by automated TPS processing. The

remaining concepts presented here represent variations on the fully mobile system.
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10.2.2 Articulated Arm On Vertical Elevator

The first concept b detailed in Figure 10-12. This mechanism consists of a fully articulated

arm mounted to a telescoping tube type elevating mechanism which is mounted to a mobile

base. This device would be capable of woddng within a six foot diameter work envelope at

an elevation of fourteen feet above the floor. The mobile base gives this system a large

horizontal work envelope. The fuUy articulated arm gives the system the flexibility to

position tooling in any orientation in the work envelope. The ann also has the capability of

reaching around obstacles. This mechanism could be assembled from conu'nercially

available components, and can work autonomously or semi-autonomously. The

disadvantages associated with this system are, that it will have, 1) a relatively low payload

to weight ratio, 2) relatively high power consumption, and 3) potential vibration problems

associated with a heavy ann mounted atop a tall slender tube. It was also recognized that

the relatively complex kinematics of the arm may make collision detection difficult.
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10.2.3 Articulated Arm With No Elevator

A similar concept is shown in Figure 10-13. This concept involves putting a robotic arm of

sufficient reach on a mobile base. An ann with a reach of 9.5 feet mounted on a six foot

high mobile base would be capable of working in a six foot diameter work envelope 14.5

feet above the ground. Because of the mobile base, this system will also have a large

horizontal work area. The multi degree of freedom industrial type robotic ann will be able

to position tooling in any orientation within its work envelope. This mechanism can reach

around obstructions to complete a task. Using an ann with a long reach could obviate the

need for an elevating mechanism. Such a system could be built from commercially available

components. This approach suffers from several disadvantages. An arm with the required

reach will be very heavy, certainly over 1000 pounds. The power consumption will be

relatively high. This type of arm will be less dexterous than the one specified above. The

payload to weight ratio for this type of arm is expected to be relatively low. It is also

expected that this mechanism will be difficult to package efficiently
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10.2.4 Vertical Extension on X-Y Translation

Figure 10-14 details a Cartesian positioning mechanism. Again, the mobile base provides

coarse positioning. This device uses an X-Y table mounted on the base to effect fine motion

in these axis. Fine Z motion is effected with the elevating mechanism which consists of a

telescoping tube. An alternative elevating mechanism that was presented is a commercial

mechanism known as the SpiraLfft, which has the feature that it collapses in to a very flat

package. Orientation is accomplished with a gimbal-wrist mechanism which holds the end

effector. This type of mechanism will have the simplest kinematics, which will make the

collision detection problem relatively straight forward. It can have a high payload to weight

ratio, and can be compactly packaged. The power consumption is expected to be relatively

low. The major shortcomings of this design are that it cannot reach over or around

obstacles, so the TPS accessibility will be relatively low. Also, most of the hardware is not

be conm_rcially available.
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1 0.2.5 Seml-Autonomous Posltlonlng

The next concept is illustrated in Figure 10-15 This device would operate in a semi-

autonomous mode. The main point here is that a human being would be in control of the

coarse positioning of the system. This approach could be used with any of the mechanism

configurations previously described. This solution to the problem will simplify the system

design by obviating the need to solve the navigation problems which will arise when a

completely autonomous system is considered. The driver could function as a Quality

Control inspector and help insure proper system operation. This type approach would

probably be easier to sell due to the human element in the loop. Such a system could be

assembled from commercially available components. As the system is not fuUy automatic,

it would be more expensive and slower to operate.

10.2.6 SCARA Arm on Vertlcal Elevator

Mounting a SCARA arm to a telescoping tube type elevating mechanism, which is in mm

mounted to a mobile base, was also considered as a concept. Once again, the mobile base

provides a large horizontal envelope, while the elevator provides a large vertical envelope.

A SCARA ann with some type of wrist could provide almost the same flexibility as a fully

articulated arm; however, it may require less power and be capable of carrying heavier

payloads. Figure 4 of Appendix G and Figure 10-19 in this section illustrate this

positioning concept.
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10.3 MECHANICAL SUB-SYSTEM CONCEPTS

Several themes were apparent in all concepts presented. All teams agreed that a mobile base

with some type of elevating mechanism was required. This device will provide relatively

crude positioning and another manipulator will be required to provide precise positioning of

the end effector (carrying process specific sensors and tools) relative to the Orbiter. This

type of system has a very large work envelope. It will not be fixed to a given facility so the

mechanism can potentially be transported between locations and do work at more than one

facility. The impact on existing facilities can also be minimized. The only facility.

requirement for this type device is a place to store it when it is not in use. Clearly, the

preliminary concepts developed by the Study Group meet the preliminary design

requirements.

10.3.1 Mobile Base Concept

In order to function properly, a mobile base must have certain features. Figure 10-16

illustrates a preliminary mobile base concept. The primary function for the mobile base is to

provide coarse positioning to the end effector. The secondary function of the base is to

store any equipment and utilities which the system requires, such as batteries for electric

power, compressed gas, or any process chemicals. The elevator mechanism is mounted to

the top of the base. If required, a stabilizing mechanism can be built into the base. This

stabilizer levels the system and prevents tipping and base vibration. An operator interface

and tool tray is be mounted on the base. Area sensors required for autonomous navigation

and position sensors m locate the base in the facility are required. Several electronic units

must be packaged within the base, including a robot controller, base drive controller, data

acquisition system, and a communication link between the system and the cell controller. In

order to simplify the base positioning problem, it is desirable for the drive system to be

capable of orthogonal motions while maintaining constant orientation.
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The Mobile Base can provide varying degrees of mobility depending on wheel steering and

drive configurations. Configuration of wheel drive and steer will not only impact

mechanical issues but control and software planning issues. Trade-offs of maneuverability,

climbing ability, complexity and control all affect final design. Two wheel or Ackerman

steering like an automobile is not ideal for constrained workapaces. Lateral movements

become impossible without multiple point turns and the additional.motions complicate

planning and affect long tetra position reckoning.

Skid-steering, like a tractor or some all-terrain vehicles, uses a great deal of power for tight

turning and dead-reckoning of positioning is less accurate due to the high frictions and tire

compliance that occurs. Coupled or articulated steering, as in some construction equipment,

can provide great maneuverability. If wheels are allowed to turn 90 degrees, then turn and

point moves become possible.

A synchronous steer vehicle, where all wheels are steered and driven simultaneously,

provides exceptional maneuverability. Some commercial bases provide this capability in

three-wheel packages. Advantages are: two motors can steer and drive every wheel

simultaneously, good traction, potential for accurate dead-reckoning, and drive sequences

for motion become point-and-move. Disadvantages are that the orientation of the body is

always the same. An additional turntable motion can provide orientation control but adds

complexity.

Other unique types of wheels have been developed that facilitate maneuverability but these

exotic solutions have drawbacks in their ability to overcome obstacles. The Swedish

Mechanum wheels are one such example of this type. Through the use of passive rollers

about the periphery of the wheel and independent wheel control, complete control of

forward/backward, side-to-side, and rotational motions in the plane are possible.

Robots have been built which use these wheels for three degree of freedom control in

interior spaces. There are other variations on these 'roger-on-roger' wheels, but they are all

limited to the radius of the small roller for overcoming obstacles. Two pairs of

synchronous wheel sets can be used to provide the maneuverability needed without the

complex mechanics joining all wheels. This setup provides the crab or lateral steering

capability , as well as, the fight radius articulated steering needed for orientation changes.
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1 0.3.2 Elevator Mechanisms

Because portions of the TPS are located at varying heights above the floor, an elevating

mechanism will be a necessity. Telescoping devices are available in a variety of

configurations driven by either hydraulic or electric power sources. Generally, these units

ate capable of extending two to thzee times the collapsed length. A scissor type jack is also

a possibility. Both of these approaches, while feasible, potentially suffer from a packaging

problem. In order to work on the Orbiter, it will be necessary to access many confined

areas, and it is likely that these bulky elevator solutions will not afford the required

combination of strength, rigidity, and compactness. Another option which must be

considered is the possibility of designing a stabilizing mechanism which has the capability

of lifting the entire mobile base several feet into the air. This concept has been used on a

mobile robot at CCAFS which is designed to clean SRB's after each mission.

What is needed is an efficient, small packaged device capable of reaching about 20 feet

fi'om a stowed position. A number of devices have been identified, including a package

from Spiralift which has the desired properties. This particular package builds a tower by

interlacing a steel coil into a rigid support 'IF shaped piece forming a upward spiral. Side-

loads are currently an issue with this particular device but its compactness, and

compressive strength make it the primary elevating mechanism to be considered at this

time.

10.3.3 Fine Posltloner

Two types of fine positioner were presented in the concepts detailed above. The most

popular idea is some type of robotic ann. The concepts initially presented focus on

industrial type 6 DOF arms. SCARA type planer arms have certain advantages which must

be considered. The other type of fine positioning mechanism which was considered was an

X-Y table mechanism. This type of device is well established commercially, and is capable

of very high precision, however, as stated above, these Cartesian mechanisms will have

limited accessibility to confined or obstructed areas.

The industrial type six degree of faeedom (6 DOF) articulated ann, as shown in Figures 10-

12 and 10-13, is in wide use. There are many commercially available arms that are fully
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developed and proven reliable in industrial environments. The kinematic and control

problems have been solved for these machines. Using a tightly controlled off-the-shelf

mechanism such as this would greatly reduce the technological risk associated with this

project.

As these units have six degrees of freedom at the end effector, it is very easy to orient

tooling and sensors normal to any tile on the Orbiter. This should result in a system which

will be operationally efficient due to the relative ease with which difficult to reach areas can

be accessed.

This type of ann has several perceived disadvantages. These arms have relatively low

payloads for a given system weight. This is largely due to the structure of these arms which

requires that all gravity loads must be reacted by motors. This also leads to relatively high

power consumption for these arms.

Another issue which arises is the inherent safety of this type of arm, and how well it will

tolerate a failure of the servo systems which must react the gravity load. If, for example,

the arm were doing TPS processing over a wing, and a servo drive failed, it must be

possible to guarantee that the arm would not collapse and damage the Orbiter wing.

The SCARA type ann (Figure 10-11)uses threeparallelrevolutejointsand two rigidlinks

to allow end effectormotion in a plane.A prismaticjointatthe end of the arm allows the

end effectorto move normal to the plane of arm motion. There are severalSCARA type

arms commercially available.As the motion isplanar,the bending loads associatedwith

gravityare absorbed by the joints,not the motors. This resultsin an arm which ismore

tolerantof chivefailures,has arelativelyhigh payload toweight ratio,and has lower power

consumption. The major disadvantage of thissystem isthatthe end effectorislimitedto

four degrees of freedom unlesssome type of wrist isinstalledas part of the end of arm

tooling. Even with a wrist, the possible tooling trajectories are limited by the planar arm

motion. This might present some operational problems when processing TPS in confmed

areas.

At the conclusion of the second Study Group meeting there was unanimous agreement that

the mechanical system will consist of a mobile base with a robotic arm attached to an

elevating mechanism. There was not a clear agreement on the type of robotic arm to be
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used. One group preferred the 6 DOF industrial arm, and another preferred the SCARA

type ann. It was agreed that this issue would be further analyzed, and then resolved at the

third IllCCting of the Study Group.

In the intervening period, a tile accessibility study was completed (appendix "G"). This

study indicated that there is very little difference between the SCARA ann and a fully

articulated ann when tile accessibility is considered. In order to reach a group consensus

and resolve the f'me positioner issue, the merits of each type of actuator were compared in

the matrix shown in Table 10-1 The value ranks were assigned with the concurrence of the

study members. It can be seen that based on the criteria selected, the SCARA and

commercial 6 DOF ann were ranked equaUy. The Cartesian mechanism was ranked last,

and dropped from further consideration. At this point, two other factors were considered:

power consumption and payload to weight ratio. On each of these points, the SCARA arm

was judged superior. An additional point which was emphasized was that the SCARA will

be inherently safer and easier to protect against cottisions. Based on these factors, the

Study Group agreed that the SCARA type ann was the best candidate for the fine

positioning system.
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10.3.4 End Effector Concept

A preliminary concept for end of ann tooling requirements was also presented at the second

meeting. This concept is presented in Figure 10-17 Certain end of arm components wig be

common to all process work, including a video camera, proximity sensors, adapter plates,

force torque sensor, and quick change tool exchange system. Other components will

depend on the process, including specialized sensors such as a topographic laser and

spe_ tooling such as a re-waterproofing tool.

The video camera is required for optical inspection and to locate Orbiter features relative to

the robot for precision positioning. The proximity sensors will be used to detect impending

collisions. The force torque sensor will function both as a collision detection sensor and as

a process sensor to measure force applied to the Orbiter during contact operations. The

tooling quick change system wig enable simplified tool change of specialized tools or

sensors. Some of the specialized devices already identified include: a filler bar inspection

tool, tile rewaterproofing tool and a noncontact bond verification sensor.
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10.4 NAVIGATION SENSOR CONCEPTS

The navigational sensor system guides the mobile base to a desired position below the

Orbiter to allow the end effector to access the desired TPS sites. To perform this task, it

utilizes two basic types of sensors: position sensors to locate the mobile base with respect

to the surrounding facility, and wide area sensors to detect obstacles that must be avoided

while navigating.

10.4.1 Location Sensors

Location sensors use either passive or active techniques to interact with the environment

and determine their position. Several different schemes were analyzed which might be

suitable for the proposed tasks, and graded according to the following properties: positional

accuracy, cost of use and installation, impact on the facility, and maintenance. Since the

system is meant to be flexible in terms of which facility it operates in, installation and

maintenance will be critical issues. The following sections detail the techniques, and table

10-2 shows the ratings.

10.4.1.1 Floor Tape, Paint Stripes, and Chemical Fields

The floor of the facility in which the device operates is gridded with patterns made of tape,

paint, or chemicals. Sensors on the bottom of the mobile base detect these patterns and can

thus detenrfine the position of the base.

Although very cheap and potentially very accurate, these systems have one major draw

back. Because they are on the floor, they will tend to be worn off, requiring reapplication.

Due to the impact on the facility during their installation and maintenance, these techniques

were deemed inappropriate.
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10.4.1.2 Coils or Rebar In the Floor

In this scheme, wires are buried in to the floor, then electrically excited so they produce

small magnetic fields. A magnetic sensor in the mobile base detects these fields, and can

determine the position. A variation on this theme uses the existing structural rebar already

buried in the concrete, with signals applied to the exposed ends.

The accuracy of these systems is low, and the maintenance is very low once instaUed, but

the impact to the facility, which would include cutting in to the concrete floor, was found to

be expensive and excessive.

10.4.1.3 Radio

In these systems, radios at fixed locations in the facility transmit signals which are received

on the mobile base and decoded to determine the position. The accuracy of these systems is

low, and the radio frequency interference they produce is not suitable for facilities such as

theOPF.

10. 4.1.4 Beacons

Infrared beacons are fixed to known locations about the facility, each modulated at a

different frequency for identification. A rotating scanner on the mobile base detects and

identifies these beacons, noting their angular position. By triangulation, the position of the

base can be determined.

Beacons were determined tO be a good solution for positioning m they are a proven

technology and work weU. The beacons can be permanently located in out of the way

positions in facilities such as the OPF and the MDD, and need only be provided with

power. On the runway, they can be temporarily attached to known locations on the Orbiter

such as landing gear, or on portable stands, and their exact locations determined with

simple surveying equipment.
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10.4.1.5 Retro-Reflectore

Retro-reflection systems are concepmaUy the inverse of the beacon systems: Passive retro-

reflectors are attached to the facility, and a low power laser or coherent light source is

scanned to pick out these targets. If some knowledge of the base position is already known

(fi'om dead reckoning, for example), then the retro-reflectors can be simple comer-cube

mirrors. In a more robust system, the reflectors can contain bar code-like interference

patterns, so they can be identified when hit.

From the evaluations, beacon and retro-reflective systems were determined to be the most

viable location sensors for the task.

10.4.2 Obstacle Detection Sensors

Obstacle detection sensors serve to both determine open space around the base for

navigation, and to detect potential collusions to protect the robot, the Orbiter, and the

operating environment. There are many different types of obstacle detection sensors

currently available, and it is anticipated that more than one type will be used, both for

redundancy and to take advantage of their differing capabilities.

Example types are sensors are: micro switches (for last ditch bump detection), sonar range

sensors, infrared proximity detectors, scanning laser range f'mders (LIDAR), and even

video cameras.

The choice of specific obstacle detection sensors is dependent on other factors in the overall

system design, so they will not be evaluated here. There are enough suitable sensors based

on different technologies that they are not felt to pose a problem.
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10.5 CONTROL SYSTEM ARCHITECTURE

The Control System for TPS process automation is the glue that ties together all of the

resources, mechanisms and devices into one cohesive network, to create a complete

automation system. The control system receives all inputs, direct all tasks, stores all results

and channels atl outputs, to control automated 'ITS processes. It enables real time query to

all ongoing processes and databases, and yet services a distributed and varied environment

of facilities, support systems and personnel disciplines.

Recent advances computer hardware, software and communications, arejust now making

automation using robotics and sensors both affordable and technically feasible. With the

onset of reduced instruction set computers (RISC) and advances in silicon wafer

fabrication, large scale mainframe computational power is becoming available in small

packages for work stations, sensors and robotic control. With the introduction of 4 megabit

dynamic rams(DRAMS), large high speed real memory will enable real time vision and

solid model processing to become common place. As for large scale extended memory

storage, optical disk storage units (WORM, 'write once read many', drives) are now

available in small foot prints that exceed 20 gigabytes of storage capacity. Communications

are now exceeding I0 megabits/second on simple twisted pair wiring and 50

megabits/second on coaxial cable and fiber optic links. Forth generation languages and

databases are enabling software application development in weeks verses the years

previouslyrequired.

And the end is not in sight. In fact, computer power is expected to quadruple every two

years, while cost is expected to remain fiat. Automation projects at KSC axe poised to take

advantage of these technology advancements by placing compute power and

responsiveness in places most beneficial to TPS process automation.

The control system concept for TPS process automation is a three level architecture

including: Enterprise, Workcell and Robot Control levels.(see figure 10-18) While such a

seemingly straight forward and simple architectural approach might appear somewhat

trivial, the true value of this control system architecture should not be under estimated.
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Some of the more important key features of this control system architecture include:

Single point of contact for all existing Enterprise systems with full support

of differing protocols

• On line access and query to all levels from WorkceU level

Data driven architecture enables flexibility and expandability of autonomous

robotic functions

The large database of the woriccell controller will contain the TPS data for

all Orbiters, all facilities, all processes and all historical data. It will also

handie all offline processing(e.g queries, dispositions, menus, etc...)

The Robot controller will carry a only a small active data base for the tasks

being performed and be able to concentrate on performing tasks

uninterrupted

Wide area access of worlccell controller will enable real time communication

with robot controller in multiple facilities, as well as monitoring all Orbiter

accessand OML configurations

Woriccell controller will be capable of supporting multiple robot controllers

at a later date, with no impact

A properly configured workcell controller will enable users to view and

process anomalies and defects using high resolution 2-D color and 3-D solid

models

Independent design and debug of workcell, robot and sensor controllers

will be made possible, expediting the system development cycle.

The sections that follow discuss these and other key aspects of the control system

architecture for automating TPS processes.
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1 0.5.1 Enterprise Systems

Within the context of the automated TPS processing system, Enterprise systems axe those

existing mainframe systems and networks that are currently in use to store and process

information for all aspects of Shuttle operations. Although the majority of the processing

required to perform TPS tasks autonomously or semi-autonomously will be resident within

the TPS Control System proper, it wig nevertheless be required to interface with the

existing Enterprise systems for the transfer of at least six major types of process critical

data. These include:

• Orbiter TPS Location and Configuration Data (CAD)

• Orbiter Vehicle Configuration Data

• Work Area Access

• TPS Historical Fabrication Data

• TPS Quafity Data

• Work Order Control/Scheduling

A brief description of these six process critical data categories is necessary to understand

their importance and how the overall system will function.

Orbiter TPS Location and Configuration Data (CAD)

TPS location information is needed by the mobile robotic system to enable positioning to

the individual components(e.g tiles). TPS configuration data is required to know

component shape, size, thickness and centriod. Special testing was conducted as part of

this study to verify the accuracy and correctness of this data that already exists in the Master

Dimension CAD database(appendix "L")

Orbiter Vehicle Configuration Data

Because the OML surfaces of an Orbiter can change, (for example the body flap,) it is

necessary to know the exacting position of all movable surfaces prior to performing

autonomous work with a robot Preliminary investigation has revealed that this information
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can be extracted in from the Flight Control System. This is a large network of systems

comprising many different networks and computers.

Work Area Access

Before performing TPS work in either the present manual or future autonomous mode, it is

necessary to know whether access to an Orbiter TPS zone is clear or obstructed. This

information is not presently available in real time. As part of this system design,

mechanisms (discrete sensors, planning data and mouse driven operator methods), will be

developed and used to enable this important information source.

TPS Historical Fabrication Data

Many of TPS processes selected require access to TPS historical fabrication data. Examples

of this data include such items as gap f'dler type, prior defects, prior rework performed, and

more... This information is used to make logical decisions regarding, defect determination,

method of tile rewaterproofing, method of inspection and acceptance criteria, and

more...Preliminary research is showing this data is available and online in the TIPS

database.

TPS Quality Data

This information is generated and uploaded for each inspection performed. Analysis of

literally thousands of quality records in the existing PRACA system indicates major

improvements will be made to the integrity, usefulness and quality of this data.

Work Order Control�Scheduling

Status records and completion maps are generated and uploaded to these enterprise systems

during, and at the completion, of each autonomously performed TPS process.

In actual implementation, other types of "high level" information may also be required. The

"process critical" data itemized above are first cut estimates of the different types of

information needed by a system performing automated TPS processing. Although this

information is available from different sources in different forms, the TPS Process Study
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revealed that the majority of this data can be accessed electronically through mainframe

systems primarily maintained and operated by STS contractors such as Lockheed and

Rockwell.

1 0.5.2 Workcell Supervisor

The Workcell Supervisor is the heart of the Control System. It is in essence the central hub

of the Control System such that all systems will be accessible through it. The WorkceU

Supervisor is responsible for coordinating the planning and scheduling of tasks performed

by the Mobile Robot. The Workcell Supervisor functions as the high level user interface

providing development, operations and support personnel access to the many databases and

applications resident on or accessible through the Workcell Supervisor. The major

functions of the Workcell Supervisor are:

• Primary User Interface

• Single Point of Contact Enterprise System Interface

• High Capacity TPS Database Management System

• Realtime Update of Vehicle Configuration and Area Access

• Offline Processing to Support Robot

• Primat7 Robot Interface

Brief descriptions of these primary workceU functious are as follows:

Primary User Interface

The workcell supervisor is the primary interface to the user community. StrategicaLly

located work stations and/or terminals attached to a single host display menus to users to

enable: information and status inquiries, requests for robot to perform tasks, online display

of Orbiter configuration and area access and graphic display and disposition of TPS

anomalies and defects. The user interface will incorporate a mouse, icons, windows and 3-

D solid model manipulation capability as appropriate to create fi'iencUy interface that is easy

to use.
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Single Point of Contact Enterprise System Interface

The workcell supervisor includes all physical interfaces necessary to communicate with the

enterprise systems. This may include realtime network connections, periodic batch mode

transmissions or one time download f'de transfers as deemed necessary.

High Capacity TPS Database Management System

A high capacity full function database management system and database are an integral part

of the workcell controller. Preliminary research has revealed the use of a Object Orientated

Database as most appropriate for the workcell controller. Some of the rationalization for

this selection include: 1) Database items will be 3-D digitizations, maps, 2-D vision images

and CAD models, as well as, normal textual and numerical data stored in conventional

databases, 2) Special relationships will exist between data items that cannot be expressed in

conventional databases (e.g. relational or hierarchical), 3) Special data relationships

enhance data integrity by not allowing deletion of individual data items unless certain

criteria are met.(for example closing a work order), 4) Object Orientated databases are very

memory efficient, common characteristics or compute processes can be stored once for a

large set of like items reducing redundancy and 5) Use of rule based logic for such

operations as defect determination, rework disposition, task planning and others, is

contingent on establishing special data relationships between data items. The marriage of

rule based logic with an object orientated database is a natural one widely practiced for

modem system development.

Realtime Update of Vehicle Configuration and Area Access

, _ D/.x

L

The workcell supervisor is the primary information center for Vehicle configuration and

area access data. The workcell controller uses Orbiter configuration data extracted from the

LCC system when vehicles are online during configuration changes, discrete signals and

switches indicating the state of service structures and realtime planning data, to enable

display of both vehicle configuration and area access.
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/

Offline Processing to Support Robot

The workcell controller performs both pre-processing and post-processing functions for the

mobile robotic system. Pre-processing functions include such tasks as queuing incoming

work requests, _k s, creation and linking of task sequences, retrieval and

formatting of task specific data subsets and more. Robotic post-processing tasks include:

task completion map creation by TI_S item, (for example which tiles were rewaterproofed),

post processing of digitizations to produce annotated solid models with dimensions,

electronic creation of documentation (problem reports, discrepancy reports, etc...), and

other tasks as required.

Primary Robot Interface

The workcell controller includes both a high speed and low speed interfaces to the mobile

robot. The high speed interface will consist of either a network cable that plugs into a

mobile robot base jack when it is in stow, physical transfer of data using optical disks or

both. The high speed interface enables the upward or downward transfer of very large files

(for example vision images, digitizations, tile locations). A low speed (9600 baud) wireless

interface is included ( ie. infrared or radio based) to enable realtime communication between

the robot and workcell controller. Real time two-way communication includes

transmissions such as: vehicle configuration and area access status, task completion status,

robot health status, and others.

1 0.5.3 Robot Controller

The robot controller consists of several computers, controllers and peripheral devices

tightly coupled into one sub-system with a primary goal of autonomous TPS task

execution. In order to accomplish this goal the robot controller includes the following major

functions:

• Process Scheduling

• Data M_msem_

• Navigation and Obstacle Avoidance

• Position Control

• Sensor and Tool Control
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• Power and Resource Management

• User interfaces

• Workcell Interfaces

A brief description of these functions follows:

Process Scheduling

The robot controller contains a master controller for supervisory control of all process

functions. The main program resident within this master controller is the scheduler. The

scheduler is responsible for all process scheduling and control. This includes starting up

and shutting down of all other tasks(communications, navigation, resource management,

etc...), as well as executing task sequences.

Data Management

The robot controller has a database that is organized in a relational structure. This database

includes all information needed to perform a job, as well as, store the results.

Navigation and Obstacle Avoidance

\

A major function of the robot controller is navigation and obstacle avoidance. Basic area \

access data will be downloaded to the robot controller at the start of a job and any time \
obstacles are added to or removed from the area. The robot controller will use this data for /

f'urst cut path planning. As the robot moves or performs work, objects in the general area

will be monitored by area wide sensors in real time. Obje_ blocking paths will be _on e

around. Objects entering robot air space will cause th_,JDl_t_o3_alt and give warning. The /

robot controller monitors many_r_edundant proximity sensors during excursions and

positional moves.

Position Control

The robot controller directs all positional control to include: mobile base steering and drive,

elevator, ann and end effector movements.
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Sensor and Tool Control

The robot controller is tightly coupled with the tool and sensor controllers. High level

commands from the robot controller causes the sensors and tools to perform specialized

functions. The integration of both movements and sensor functions by the robot controller

results in wo_ being performed.

Power and Resource Management

A background task of the robot controller is to monitor all power and resource

requirements. Pressured Nitrogen, self contained battery power, DMES levels and

extended memory are the key resources. Early operator alerts will be triggered if these

resources get low.

User Interfaces

The robot controller contains two types of user interface to include pendant control and

operator display. A hand held pendant provides users the ability to manually drive, steer

and control the mobile base. A position adjustable visual display, (with simple selection

keys similar to an automatic bank teller,) enables the robot controller to display images,

menus, warnings and prmnpts to the operator.

WorkceU Interfaces

Both the high speed and wireless low speed communications of the robot controller

complement those discussed for the workcell controller. In addition, the robot controller

contains the logic and queuing facilities to store transmissions when not in contact with the

workcell controller.

10.5.4. Typical Operating Scenario

A greatly simplified operating scenario for performing an autonomous task will proceed as

follows:
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1) Operator signs into workceU controtler and selects the option to request a TPS

process be performed.

2) Operator selects one of seven TPS processes to perform and selects a TPS area,

zone or component to perform the process on.

3) Workcen controller post-processes request to create data records and files that

will be necessary to perform the process, and stores the data in a format usable

by the robot. All data is then posted in a job queue.

4) The highest priority job can then he downloaded to the robot controller in

several different ways:

a) If the robot is online and attached to the high speed communication link,

a job can be down loaded immediately to the robot controller.

b) If the robot is offline, but the high speed link attached, it can he

powen_l up, which will automaticagy cause it to download a job at the

completion of system boot, if one is in the job queue of the workcell

controUer.

c) If the robot is offline and the high speed link not attached, power up

sequencing can terminate with portions of a job transfer over low speed

communications, and step by step directions will be displayed to the

operator describing which optical disks to load into which storage

units.(This will be the likely case for remote work performed at Dryden

or on runways)

5) The robot will be disconnected from its power recharging source, if necessary,

and an operator, using a pendant with joy stick, will drive the mobile base to the

vicinity of the Orbiter where work is to be performed. The robot will then be

put in auto mode.
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6)

7)

8)

9)

The robot wig first determine its location relative to the Orbiter using

triangulation, and then make a safe move to a position under the Orbiter where

work is to be performed.

The robot will then perform a task (or tasks) until completion or interruption by

an operator, ahemating between positioner moves, sensor commands and

inputs and tool commands

During task execution, the robot wig either transmit task completion status to

the workcell controller or spool them for later transfer. Large f'des, (for example

vision images and 3-D digitizations) wig always be written to disc for later

transfer by: manual disc exchange, high speed transfer or low speed transferl

At the completion of a job, the robot will notify the operator of completion (if

required). It wig then request transfer of another job, and if one is in queue and

sufficient raemory is available, load it into memory. To perform another job, the

operator may be directed to perform some optical disc exchanges as discussed

earlier.

10) At the completion of a shift(operator interrupt), all requested jobs, or an

extremely low resource condition, the robot wig move to a safe location which

will be: 1) original starting location for nmways, 2) stowing areas for OPF or

Dryden, or 3) an operator designated area under operator pendent control.

As mentioned earlier, this is a greatly simplified operating scenario. Some of the actions

that the robot controller is performing simultaneous with process execution include: \

monitoring all proximity sensors for area and space violations, listening for workceU i

controller interrupts and incoming messages regarding area access, vehicle configuration

and status requests, planning safe paths and much more...

Simultaneously, the workcell controller is performing post and pre-processing tasks for the

robot controller, performing transfers to/from the enterprise systems, servicing user

inquiries and enabling user interactive tasks such as anomaly and defect dispositioning,

monitoring vehicle configuration and area access, discrepancy document generation and

more...
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The three levels of the control system architecture for TPS process automation are working

both independent of one another, yet together, servicing the common goal of autonomous

TPS processing. The control system architectural approach for TPS process automation is

indeed simple and straight forward, yet significandy useful and powerful.
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10.6 CONSOLIDATED SYSTEM CONCEPT

At theconclusionof thethird meeting,theStudyGroupwasin agreementon the general

parameters for a system to perform automated TPS processing. This agreement was arrived

at after several months of study by the different organizations involved. As detailed above,

the proposed system consists of process-specific sensors and tools, a mobile robot based

positioning system, navigational sensors, and a computer control system.

The mobile robot will consist of an omnidirectional mobile base, an elevating mechanism,

and a SCARA type arm.(fignre 10-19) The configuration of the mobile base and elevating

mechanism has not been completely established, but several candidate devices have been

identified. To summarize, this type of system has the large work envelope required to

perform the assigned tasks. It is transportable which gives the option of performing TPS

processing in more than one facility. It will be capable of operating in close proximity to the

Orbiter. It will be flexible by enabling many processes to be performed by a generic set of

fixed tools, yet enable specialized processing through simple tool change. The system will

require minimal facility modification. Clearly, the mechanical configuration proposed

satisfies the stated program requirements.

The control system wig be designed to address the requirements of automated TPS

processing. In order to meet the needs a three level architecture is proposed. Existing

NASA databases are an integral part of the system. Interfacing with these systems will

facilitate the efficient, orderly transfer of information which is required to insure TPS

integrity. The workcell supervisor will function as the primary human interface to the

system. It will also handle all communication between enterprise system databases and the

mobile robot controller. The mobile robot controller will take commands from the workcell

supervisor, and translate this information into actions required to position the system to

perform work. This system will also have responsibility for controlling the end of arm

tooling to effect the given task. This system will provide many advantages over the current

system. Simply by systematically collecting, organizing, and communicating the vast

amount of data required to insure TPS integrity, this system wig positively and

significantly impact Orbiter flow.
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11. Preliminary System Design Guide

The TPS Study group, in section 10, has presented a system to perform automated

processing of the Orbiter TPS. This system will use a mobile robot as a platform to

precisely locate tooling and sensors as required to affect automated TPS processing. The

robot and sensors will be controlled by a computer system which will communicate with

existing NASA databases.

The automated 'FPS processing system, AT(PS) 2, will be designed to work autonomously,

in close proximity of the Orbiter. The design must be flexible so that it is possible to

inspect, repair, and maintain the Orbiter TPS automatically. The system will be capable of

executing a given task without human intervention, in a variety of environmental

conditions. In order to achieve this goal there are a number of requirements that must be

satisfied to insme that the proposed device performs in a safe, efficient manner without any

adverse impact to existing operations. There are two basic types of requirements that must

be satisfied. The first type are those specified by NASA in order to certify the system for

use on flight hardware. The second type are those which must be met in order to

accomplish the proposed task.

11.1 System Description

The automated TPS processing system will be composed of three major sub systems.

These are: 1) the sensor systems, 2) the mechanical positioner system, and 3) the computer

control system.(figure 11-1) These will be integrated into a system which is capable of

performing TPS processing automatically, with minimal human intervention. The system

will be designed to interface with existing NASA databases so that the flow of information

as well as the physical process can be higldy automated. This highly integrated system will

greatly improve operational efficiency resulting in a decrease in the time required to prepare

an Orbiter for flight.

The process sensors are all the sensors which are used to inspect the Orbiter, or monitor

work in progress. The primary sensors will be 2-D vision and 3-D rangefinding systems.

These units will be capable of performing tasks such as detecting the edges of tiles,
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inspecting tiles for surface defects, and making precision mesurements. Certain special

tooling will be required for some operations such as rewaterproof'mg and figer-bar

inspection. During the rewaterproof'mg operation, a pressure sensor and flowmeter wig be

used to monitor the quantity of rewaterprooflng fluid injected into a tile. A force torque

sensor will be used to precisely monitor and control the contact force.

The mechanical system consists of a mobile base, elevating mechanism, and planar robotic

ann. This collection of mechanisms is a mobile robot. The robot will be capable of moving

about the floor of a facility and upon reaching the desired point, raising the planar ann to a

specified elevation. The mobile base and elevating mechanism will position the robotic arm

in space relative to the Orbiter. The robotic ann will precisely position process sensors and

tooling relative to the "UPS so that work can be performed. This fine alignment will be

accomplished by using feedback information from the sensor system. The mobile base wig

provide for autonomous operation of the system, which means that all required utilities

must be carried in the base. These utilities will include at minimum: electric power,

pressurized nitrogen, and process chemicals. The robot and base controller electronics,

communications hardware, and sensor electronics, will also be carried onboard the base.

Their are dnee major computer system levels to include: the existing enterprise systems, the

cell controller, and the mobile robot controller. The cell controller will be the primary user

interface. It will query enterprise system data bases to determine what work must be done,

where it is to be done, and when access to the required area is available. With this

information, the cell controller wig plan a course of action for the mobile robot. This plan

will then be downloaded to the mobile robot controller. The robot controller wig, at the

proper time, position the mobile base at the required location in the facility, raise the

elevator to the proper height, and position the robotic arm so that the end of ann tooling can

perform the required task.

As currently conceived, there wig be two types of navigation sensors, location sensors and

obstacle detection sensors. Location sensors will be used to determine the location of the

mobile robot relative to the facility which it is operating in. The current strategy is to use a

system of fixed transmitters or optical targets from which the location of the mobile robot

can be determined by triangulation. Either retroreflectors or light beacon systems wig be

used to locate the mobile robot relative to the facility.
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Obstacle detection requires sensors which are capable of detecting any fixed or moving

object within the work envelope of the robot. There are two types of sensors required, area

sensors and proximity sensors. Area sensors provide information to the robot controller

about the type of obstacles which are in the robot workspace, so that the object can be

avoided. This sensor is typically a relatively long range device. Candidate sensors include

ultrasonic rangefinders, or LIDAR.

Proximity sensors are short range sensors. They will act as the final defense against any

collision between the robot and its environment. There are many potential proximity

sensors that can be used. These include ultrasonic sensors, hall effect sensors,

photoelectric sensors, and mechanical limit switches to name a few. In normal operation,

the system will not get close enough to an object to activate a proximity sensor. However,

they are necessary in order to have a redundant obstacle avoidance system.

11.2 General System Requirements

The Automated TPS Processing System must be certified ff it is to work on the Orbiter.

This certification process is detailed in NSTS 07700-MVP-10-01 and JSC 20423. A

detailed set of production certification requirements must be defined. Johnson Space Center

(JSC) has primary responsibility for certification of this system. Kennedy Space Center

(KSC) will also have requirements which must be satisfied. The Shuttle Processing

Contractor (SPC) will have inputs into the certification process. Boeing Aerospace will

have responsibility for overseeing the design and development of a GSE production

qualifiable prototype automated TPS Processing System. This responsibility will include

writing a detailed design specification and request for proposal. The SPC will have

responsibility for organizing the certification process. This certification process includes a

review of the following; 1) engineering drawings, 2) acceptance testing, 3) an SR&QA

plan, 4) maintenance plan, 5) repair spare parts plan 6), personnel training plan, and 7)

facility design data. After all relevant data has been reviewed, it is the responsibility of the

JSC Certification Team to authorize system certification.

The following list of governing specifications has been identified as of this date. The

system will be required to satisfy relevant parts of these documents. This list is not

necessarily complete, and other documents may be identified as the detailed design

specification is written.
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• NSTS 07700 Vol. X

* NSTS 07700 Vol. XVIR

• SW-E-0002

• NHB 5300.4

• KSC-DE-512-SM GSE

• KSC-STD-118

Space Shuttle ground systems

Computer System and Software

General Requirements for GSE

SR&QA Handbook

Design Guide

Failure Modes and Effects Analysis

There may be other pertinent specifications of the ESC and SPC which have yet to be

identified. In order to insure that ali requirements of JSC, KSC, and the SPC are satisfied,

it is important that these organizations be included in the review process for the system

design specification and the resulting request for proposal.

11.2.1 System Features

In order to function in the manner described in section 11.1, the study group has identified

several desirable system features. These features are design goals which cannot be

quantitatively specified at this time. The detailed design specification will be written so that

these feann'es are implemented to the greatest possible extent.

1 1.2.1.1 Traneportable

It has been established that TPS processing will be done in several widely separated

facilities. In order to provide maximum economy it is currently considered desirable that

the Automated TPS Processing System be transportable by truck or airplane. The

limitations that this requirement imposes(size, weight, etc.) on the system have not yet been

detexmined.

1 1.2.1.2 Stable

Stability refers to the ability to the mechanical system to hold tooling and sensors in a

stationary position. Two possible sources of instability must be considered, vibration, and

tipping. Requirements for tipping stability are detailed in ANSI/ASME B30.5 section 5-

1.1. This specification is intended for application to mobile cranes but should be valid for

this system. There are two primary sources of vibration which must be considered,

vibration of the mobile robot, and vibration of the Orbiter. Vibration of the mobile robot
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can be induced by movement of the planar ann, or by vibration of the floor. Previous

investigators have measured vibration of the Orbiter as it sits in the OPF. This vibration

was at a frequency of 20 Hertz and a half amplitude of .00025 inches. An unacceptable

vibration profile is one which will prevent a tool or sensor from completing its assigned

task. Allowable vibration profiles win be determined and included as part of the detailed

design specification.

1 1.2.1.3 Safe and Reliable

The Automated TPS Processing System operates in an environment where a system failure

could cause severe problems. The design of the system must be inherently fail safe.

General safety requirements are specified in NI-IB 5300.4.

HazardprooFmg could enable the system to perform tasks during vehicle defueling.

Hazardproofing requirements are specified in KSC-STD-0002 If the System is to operate

within 50 feet of Orbiter purge vents during the period between landing and vehicle safing,

then the electrical systems must meet the requirements of NEC Class l, Division 2, and

appropriate group. There are no known hazardproofmg requirements for operation in the

OPF. The impact of the tile rewaterproof'mg chemical(DMES) on hazardproofing

requirements has not been determined. It should be noted, however, that this substance is

highly flammable and certain precautions will most likely be required when handling it. A

completely closed loop system for containment of DMES will be a requirement.

1 1.2.1.4 Environmental

The mobile robot must be capable of working either indoors or outdoors. The locations

currendy under consideration for automated tile processing are, 1) in the OPF, 2) at the

MDM, and 3) on the apron either at Dryden or KSC. There are certain constraints that the

facilities will impose on the robot: Each facility will have a set of operational and safety

requirements which must be defined.

11.2.1.5 Size

In order to operate in the OPF the size of the mechanical system is limited. The maximum

allowable collapsed height is 6 feet. The maximum allowable footprint is six feet by six

feet.
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11.2.1.6 Work Envelope

The work envelope will determine what percentage of the TPS can be processed. The

impact of this was studied, and the results detailed in appendix "G". To summarize, the

system should have vertical reach of about twenty feet, and a horizontal reach of about I0

feet. A system with these basic parameters has the potential of processing up to 80% to the

Orbiter TPS tiles. To maximize system potential, the robot should be capable of orienting

the tool anywhere within a hemisphere whose major axis is perpendicular with respect to

the horizontal.

11.3 Sub-system Requirements

The Automated TPS System is composed of three distinct sub-systems. For purposes of

discussion, an additional section on navigation and location strategies has been added to

this section. These subsystems must include certain features, if the system is to perform as

conceptually planned. This section details those features which are deemed necessary for

the automated TPS processing system.

11.3.1 Process Sensors and Tools

This section briefly describes the types of sensors and their characteristics. Additional

research and testing will be required before specific sensors can be selected for the

automated TPS processing system, in particular, to demonstrate that the data acquired from

these sensors is adequate for automating the desired tasks.

11.3.1.1 Grey-scale Vision

Grey-scale vision wig be used for the following tasks

• Visual anomaly detection (V6028, V6037)

• Finding the tile re-waterproofing hole

• Locating tile edges for fine positioning of the end-effector

• Verification of tile I13
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Cornrnercially a_,ailable cameras are often quite small and light, usually weighing less than

5 pounds (including lens). Some cameras are designed for the imaging head to be separate

from the electronic control circuits. For these cameras the weight of the lens and remote

head may be less than one pound. Various concepts were presented in Section 10.1.6.1 for

obtaining the necessary data resolution.

Using the Steerable High-Resolution concept requires 2 cameras, so their combined weight

would be no more than 10 pounds. The Mosaic concept would require 4 or perhaps 9

cameras, resulting in a combined maximum weight of 45 pound for integrated cameras, but

only about 10 pounds for cameras with remote heads. The weight of a special swept-line

sensor would be higher than for a commercial can_ra, primarily due because of the prism

or mirror. Nevertheless, the sensor would probably weigh no more than about 20 pounds

11.3.1.2 Color Vision

Color vision would be used in the visual anomaly detection tasks (V6028, V6037) tO

distinguish between normal grey/black and anomalous red outgassing, and for capturing

high quality anomaly images for QC review. Detecting discoloration of gap fillers may also

be possible. An ideal choice among the conunercially availablecolor cameras is one with a

remote head (e.g., the Sony DXC 750). The remote head is rather small, (about 3x3x4

inches without the lens), and weighs only 2 pounds. A wide variety of lenses is available

for these cameras with weights stac6ng at 2-3 pounds for a simple lens, and up to about 10

pounds for lenses with large apemnes, zoom capability, etc.

11.3.1.3 3-D Topographic Sensor

Three-dimensional data may be used to measure the shape and size of an object or cavity

for many different tasks to include:

• tile cavity distinction

• gap filler digitization

• the step and gap

• anomaly length, depth and volume

Many different types of 3-D sensors axe available. The leading candidate for the TPS

automation system uses the triangulation technique. Triangulation-based sensors can be
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generally quite small, (for example the Hymarc sensor weighs only about 5 pounds).

Another possible type of 3D sensor uses LIDAR (fight radar).

11.3.1.4 Special Tools

Special tools will be required for :

• automatic tile rewaterproofing

• detecting charred filler bar

The current rewaterproof'mg tool weighs less than 2 pounds and we estimate that the

modifications to the tool (Section 10.1.2) would only add a couple of additional pounds,

for a total maximum weight of about 5 pounds.

The size and weight of the tool for detecting charred f'dler bar is difficult to estimate at this

early stage, but would probably not exceed 5 pounds, since all components are small and

since the only moving part is the optional probe to test resiliency.

11.3.1.5 Comments

The size, weight and power requirements of the various sensors must be consistem with

the size of the end-effector, the payload capacity of the positioner, and available power.

Although the exact size and weight depends on the individual sensors chosen, most of the

sensors are fairly sman and light (the main exceptions are the LIDAR-type 3-D topographic

sensors). The primary unknown remaining is the amount of illumination required for visual

sensing. Fairly low power (< 100 watts) may be sufficient for grey-scale vision.

However, color vision typically requires much more power. For example, in a preliminary

test, wherein color images were acquired of sections of the bottornside of Discovery, 1300

watts of illumination were used (albeit from a distance of seyeral feet). Further studies and

tests win be required to corLfidenfly def'me the illumination power requirements for various

sensor concepts and TPS processes.

11-9



Orbiter TPS Automation Study Final Report KSC-DM-3491

11.3.2 Mechanical System

The following section outlines the requirements for the mechanical system as currently

conceived. It should be emphasized that the robot that is eventually constructed may vary

considerably from this proposed preliminary design concept due to design improvement

and evolution during the detailed design process.

1 1.3.2.1 Mobile Base

The mobile base is a highly maneuverable, stable platform designed to position payload

such as elevator, effector, and task specific computing, at a specified location under the

orbiter and provide electrical power to the payload. It is self contained and carries all

necessary power and low level computing for safe payload transportation. Motion of the

base will encompass three degrees of freedom, meaning that simultaneous

forward/backward, side to side, and rotational motions are possible, greatly facilitating

maneuvering in crowded workspaces. Although it wig have sensors and control for basic

obstacle detection and collision avoidance, primary navigation will provided by the

payload. Preliminary design criteria for the mobile base, based on the system requirements,

al_:

Self contained - carries all power and low level control necessary for mobigty.

Payload-to be determined

Simultaneous 3 degree-of-fxeedom motion.

Capable of surmounting 2" obstacles, such as cables and hoses.

Power for 8 hours continuous operation - including payload.

Power recharge is manually initiated.

Figure 10-19 illustrates a design encompassing these criteria.
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11.3.2.1.1 Drive Mechanism

The base rests on four wheel assemblies - a front pair and rear pair that are mechanically

independent. Each pair has linked drive and steer, through two motors. This concept is

similar to the synchro-drive mechanism, but decoupling the wheel pairs allows tight and

zero radius turns to reorient the base, which is not possible with synchro-drive. This also

keeps the wheel units modular and less complex independent assemblies.

The wheel assemblies will consist of single off-axis tires, similar to the Denning and

Cybermotion robots, to allow the assemblies to be steered with minimal slipping and

eliminating the friction 'patch' that a on-axis steering normally implies. The tires will be

soft rubber, on the order of 12" in diameter, and the wheel assemblies passively

suspended, to provide the compliance necessary to climb over obstacles.

1 1.3.2.1.2 Power

Power to the base andpayload will be provided via sealed lead acid batteries. 300 pounds

of batteries will provide a continuous 720 watts for 8 hours. A potential problem with lead

acid batteries is hydrogen outgassing. While minimal, it precludes completely sealing the

battery compartment, which may be necessary for explosion proof requirements. If this is

the case, then it is possible to seal the compartment, and only vent it during recharge, when

the base is in a safe position. In the mate-demate facility since it is primarily outside this

shouldn't be an issue.

Battery sensors in the base will detect low charge conditions, and report these via the status

connection to the payload, which can begin shutdown procedures and relay the message to

a human operator. The power subsystem will allow non-battery operation by powering

through an umbilical cord in the event of battery depletion before the batteries can be

recharged.

The battery recharging system will be an off-board station. The robot will be manually

driven to the station, cables attached, then left to recharge. Even with a high current

charger, the time to recharge from a drained state wig be on the order of 12 hours. The

charger will automatically switch from bulk charge to maintenance charge mode, so the

robot can be left attached whenever it is not in use. A modular battery pack will eliminate
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the recharge time problem and allow near continuous operation for long periods of time.

The modular battery pack will be slide mounted for ease of operator pack exchange.

1 1.3.2.2 Elevator

The elevator will be capable of lifting the planar ann to an elevation of 20 feet above the

floor. The extension required to achieve this is dependent on the height of the mobile base.

The packaging requirements for the elevator will also be driven by the base design and the

size requirement detailed in Section 11.2.1.5. Obviously it is desirable to have a small

elevator package when the system is collapsed. The elevator must be stiff enough to

precisely position the end effector with minimal vibration. The stiffness requirement will

be driven by the configuration of the robotic ann, and the allowable vibration spectra.

11.3.2.3 Fine Poeltloner

The planar arm consists of two rigid links, the f'LrStattached to the top of the elevator via a

360 degree revolute joint, and the second attached to the end of the f'h-Stvia a 180 degree

revolute joint. The both joints rotate in the horizontal plane. The two links are each

approximately 4 feet long, with the exact lengths set to nutxim_" • coverage. Fine motion in

the vertical plane will be achieved by a prismatic joint located at the end of the arm.

Payload and accuracy requirements will be deemed based on further study of process

requirements. Cun'ent estimates are that the minimum payload should be 40 pounds, and

that the system should position to within .005 inches.

11.3.2.4 End Effector

Certain end of arm components will be common to all Automated Processing and certain

components wiU be process specific. Process specific tooling or sensors will be connected

to the robotic arm with a quick change tool exchange system. This will allow the TPS

Processing System to perform several tasks without human intervention. Typical mission

specific tooling includes, the tile rewaterproof'mg mechanism, filler bar inspection device

and the noncontact bond verification sensor. Vision cameras, 3-D topographical sensor,

force torque sensor, and proximity sensors are typical devices which will be required for all

TPS processing. Devices such as these will be permanently mounted to the robotic arm. It

is estimated that the maximum total weight of the end of arm tooling and sensors will not

exceed forty pounds for any given task.
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The planar arm will provide four degrees of freedom to the end effector. In order to

achieve the required six degrees of freedom at the end effector, it will be necessary to

mount the end effector on a robotic wrist. This wrist should provide at least 180 degrees of

rotary fieedom about all axis.

11.3.3 Autonomous Navigation Requirements

The automated TPS processing system will be operating in an autonomous or semi-

autonomous mode. There will be a variety of obstacles both fixed, and moveable which the

robot will have to detect, and avoid. Some of the moveable objects will include people, and

work platforms. Some of the fixed obstacles would include the Orbiter, and structural

columns in the workplace. The collision avoidance system must have multiple redundancy

particularly when human, and Orbiter safety is involved. The system will be composed of

area sensors and proximity sensors. The area sensors will function in a collision avoidance

mode, supplying the navigation computer with information about the workplace

environment so that an appropriate path can be determined which avoids aU obstacles.

Proximity sensors will function more to detect impending obstacles and stop the system

before an incident can occur.

In order for the mobile robot to successfully navigate in the workplace, k is necessary for

the navigation computer to know the position of the robot relative to the Orbiter. There are

two distinct problems which have to be solved. When the Orbiter is in the jacked and

leveled in the OPF or MDM, its location with respect to the facility is weU defined. In this

case, locating the mobile robot with respect to the Orbiter can be determined by measuring

the location of the robot with respect to the facility. When the Orbiter is on the apron, its

orientation is not fixed accurately with respect to any facility. In this case it is necessary to

locate the robot directly with respect to the Orbiter. In either case it will be necessary to

locate the mobile base with respect to the Orbiter coordinate system within two inches. It is

anticipated that some type of optical target or retroreflector system will be suitable for this

task. A system such as this can be mounted to hard points on the Orbiter, so that the robot

position relative to Orbiter can be determined in the field. In the OPF this type of navigation

system can be installed with minimum impact on the facility.
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11.3.4. Control System Requirements

Section 10.5 of this report presented the architectual and functional details of the control

system for the automated TPS processing system. The purpose of this section is to identify

and defme, to some extent, the design requirements of the control system. These design

requirements include both general requirements and a few specific details regarding the

sub-systems where known.

11.3.4.1 Control System General Requirements

The high level goal of the control system is to realize the efficient control of the automated

TPS processing system mobile robot for the optimal implementation of automated and

semi-antomated TPS processing tasks. From a design standpoint, system developers and

implementors of the control system wig make maximum use of commercially available

hardware, software, interfaces, and development tools (CASE) in meeting the capabilities

and requirements identified by the TPS study group.

There are of course many other goals of the system, and these are implied in the

requirements and system features outlined below. Once again, however, these requirements

arc only preliminary: Further study and development activities will be required before firm

requirements are specified. This document merely presents concepts, characteristics and

"requirements" that the Study Team has identified as desirable for optimal system

implementation and performance.

User Interface:

The control system wig provide a standard man-machine interface which has the same

characteristics for all user functions Of the control system. The use of menus, windows and

a mouse driven environment, will be integral to the user interface.

User Adaptability:

The control system wig provide the functionality to tailor the user interfaces to

accommodate the specific needs of different user classes such as operators, application

programmers, subsystem, experiment and system development engineers.
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Secu_ty :

Operator specific login and passwords will be employed in the control system to regulate

security and data access. Several levels of varying privelege will be provided on a need to

access or execute basis.

Mim'nn'zed Environmental Impact:

The control system shall incorporate navigational and operational subsystems that have

minimal impact on the Facility (OPF). This criteria will govern the design of the major

subsystems in that minimal facility impact is a primary high level reqttirement.

Reliability and Maintainability:

Redundant, non-stop hardware will be selected to insure reliable control system operation.

Error correcting code (ECC) and automatic retry schemes will be integral to all data paths

and communication links.

External Interfaces:

The control system wiU include appropriate communications interfaces to the enterprise

systems. Both high speed and wireless low speed communications will be provided to link

the workceil and robot controllers.

Languages:

A full function high level language will be selected for system programming that is both

transportable and comparable with existing systems.

Operating System:

A mature real time, multi-tasking operating system will be selected for both the workcell

and robot controllers that contains a large library of utilities and is back by a large source of

application programs, DBMS's and language support.

11-15



Orbiter TPS Automation Study Final Report KSC-DM-3491

Data Management:

The workcell controller will employ a full function object orientated data base management

system. The robot controller will most likely require a relational data base management

system.

R espottsiveness :

A complete formal system analysis will be performed to determine CPU compute power,

memory requirements and communications speeds of the control system. Prototype control

system developement of the workcell controller will occur on upgraded existing hardware.

Final system hardware procurement will be delayed until the end of the development cycle

to take advantage of the rapidly advancing computer technology market.

11.3.4.2. Sub-system Requirements

The control system architecture will be comprised of three levels to include enterprise,

workcetl and robot. Figure t 1-2 illustrates the control system with enterprise systems that

are known at present. This section will briefly address specific requirements of each of the

three levels of control.

11.3.4.2.1 Enterprise Systems

Although the majority of processing required to perform TPS tasks autonomously or semi-

autonomously will be performed within the TPS Control System proper, it will

nevertheless be required to interface with enterprise systems for the transfer and receipt of

six major types of process critical data :

Orbiter TPS Location and Configuration Data (CAD)

Before executing a given task, the control system must know the general position,

orientation, shape, and dimensions of a TPS component before it can begin automated

process execution. The control system will therefore access an enterprise database(s) to

obtain database records that contain relevant TPS location and configuration information,
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prior to scheduling and executing a given task. This information is resident in the Master

Dimension Database resident on Rockwell's Information Management System. The

accuracy of this database has been verified to be 4" 1.5 inches by Study Team members (see

appendix "L"). This data will probably be accessed in a one time memory dump (for each

orbiter) and "permanently" integrated into the TPS Processing Systems own (control

system) Database Management System.

Orbiter Vehicle Configuration Data

During automated TPS processing, the Mobile Robot will be required to navigate around

the Orbiter vehicle to access TPS scheduled for work. Some portions of TPS are located on

movable surfaces (control surfaces) on the Orbiter, and the control system must have

knowledge of where these surfaces ate before work on their TPS can begin. The control

system must therefore access the enterprise system that provides real=time data on Orbiter

(control surface) configuration. This enterprise access is an "almost real-time" access

requirement, in that the control system must have access to Orbiter control surface

configuration at all times during task scheduling and task execution. This information is

available "real-time" through Flight Control Systems (see figure 11-3), and the surface

position corresponds to an analog voltage (real number).

Work Area Access

During typical flow processing, the OPF becomes a dynamic environment where

workstands, GSE, and personnel are constantly moving and being moved to different

zones of the orbiter for scheduled work. For the control system to perform work, it must

have the capability of knowing which areas are accessible at a given time so that it will not

interfere with work in progress or pending scheduled flow processing activities. As a

baseline approach to this problem, the Study group proposes the implementation of a

simple, yet powerful display board that flow processing personnel can use to schedule,

monitor, and log shuttle processing activities. This display panel will permit flow

processing personnel (and the control system) to selectively view, "real-time", information

regarding areas that are accessible for work to avoid conflict with other flow processing

groups. This access board system will use human inputs as well as receive information

fi'om facility sensors. The control system may also access enterprise databases that contain
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flow scheduling information that may be used for long-range planning and scheduling of

automated TPS processing activities.

TPS Historical Fabrication Data

When considering the possibilities of extensive automation of TPS processing tasks, TPS

historical fabrication data is a key element for advanced system applications. Fabrication

data, also resident on enterprise system databases, will facilitate the implementation of a

system that will fully automate TPS rework process from anomaly detection to specification

of materials, dimensions, location, tools., etc. needed by technicians to repair or replace

"ITS. Historical TPS data is currently available from the "TIPS" database resident on

SPDMS. At the time of implementation, the current database of historical TPS data may be

downloaded into the control system as a one time transfer. However, it may prove more

feasible to build up the control system internal TPS Historical Fabrication Database over

time, only accessing blocks of data from the enterprise system as it is needed. Further

study must be undertaken before the optimal method is specified.

TPS QualityData

Before beginning work on, or inspection of TPS, the control system may require

knowledge of previous work performed on a TPS component. During a typical inspection

for example, a detected anomaly may or may not in fact be a defect. TPS quality data will

reveal whether or not an anomaly that the control system detects should be flagged for re-

work or not. If for example, the historical quality data reveals that a detected anomaly is

"identical" to a recorded defect, the system would ignore the anomaly and move on to

another task. The TPS Quality data will most likely be downloaded from an enterprise

database into the Supervisor, where it will be integrated into a flexible, high capacity

database management system (e.g., an object-oriented database) containing color

photographs, digitized, images, etc. This download will also serve to limit enterprise

system communication overhead and transaction processing. The control system must also

update the existing enterprise system databases containing TPS Quality data whenever it

performs any work on TPS. Currently, the requited Quality database information resides

on the PRACA system. As in the case of TPS Fabrication data, the current database (at the

time of implementation) of Quality TPS data may be downloaded into the control system as

a one time transfer. However, it may prove more feasible to build up the control system
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intemal TPS Quality Database over time, only accessing blocks of data from the enterprise

system as it is needed. Further study must be undertaken before the optimal method is

specified.

Work Order Control�Scheduling

Work Order Control/Scheduling information is needed for the same reasons the control

system needs Work Area Access information. Enterprise databases provide information the

control system needs to do long range task planning around Work Order information that

defines shuttle processing tasks that the Automated TPS Processing System must work

around. Although this type of information is resident on many systems, the Configuration

Management Accounting & Verification System is a primary source. The CMAV database

resident on the SPDMS system will provide the control system with access to status

accounting data for WAD's (Work Authorizing Documents) as it relates to Engineering

Instructions and Engineering Orders. The CMAV also provides need dates set by

Operations Planning and Control. Although the CMAV has been identified as a primary

source for Work Order Control/Scheduling information, further study is required to det'me

the specific information reqttirements and the proper database access requirements.

11.3.4.2.2 Workcell Supervisor

The functionality of the workcell level of the control system is discussed in detail in section

10.5.2 of this report. The workceU hardware will consist of medium sized minicomputer

with a large disk capacity functioning as both a fde server and communication hub. It will

be a multi-tasking real time system supporting many communication protocols and

peripheral devices. Attached to the workcell controller will be engineering work stations

and/or high quality graphic terminals that may be link to the controller via terminal servers

or direct asynchronous wires. The workcell controller will be linked to other facilities via

modems and satellite communications, probably operating at 9600 baud. Specific CPU

power, type, memory and speed will be determined at a later date during the detailed design

phase of the project.
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11.3.4.2.3 Mobile Robot Controller

The functionality of the robot controller is discussed in detail in section 10.5.3 of this

report. As mentioned earlier, the robot controller will be comprised of a central or master

controller and several subordinate slave controllers for sensors, positioners and tools.

Figure 11-4 illustrates the interrelationships of the control mechanisms for tile

rewaterproofing. In this case the central controller will be sending commands and data to

the rewaterproof gun, vision system, and all of the positioner mechanisms. The central

controller for robot control will most likely be a real time, multi-tasking, high powered,

RISC based machine. Specific details regarding CPU size, type, memory, and more, will

be addressed during detail design.

User

Ir_erface

_v=_.

WT_. -,on
I ..... ._ Sc_duler/.Control.....

Navigation

Base
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positioning

FIGURE 11-4
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12.0 Development Plan

This section describes the development plan for an Automated Thermal Protection System

(TPS) Processing System. The section is organized as follows. First, a technical summary

is provided. This is followed by project justification, goals and objectives, and a

development approach. It concludes with a project schedule and resource requirements.

12.1 Technical Summary

An automated TPS processing system will incorporate advanced sensor and robot

technology to perform detailed TPS maintenance and inspection tasks during the Space

Shuttle repair and refurbishment flow.

The system will function by:

Accepting user defined data (tasks, regions to work on, etc.)

Performing tasks in an autonomous interactive fashion

Automatically uploading the resulting data (inspections, dimensions,

pictures, maps, rewatexproof confimmtion, etc.) to the appropriate database

management systems

The Space Shuttle Program will benefit by reduction of tedious manual tasks, increased

safety for TPS personnel, improved data quality and accuracy, potentially reduced flow

times, and early defect detection with the potential for automatic disposition and rework

authorization. In addition, NASA will benefit from the knowledge and experience gained

through automated system development that is applicable to future ground support

equipment as well as on-orbit Space Station support equipment.

Frequent demonstrations of significant progress are a key feature of the development plan.

One year from the start of work (i.e. from the end of the procurement phase),

demonstrations will be made of the primary user interfaces, tile rewaterproofing tooling and

vision sensors. The vision sensors will acquire an image of a selected tile and compare the

new image to the previous tile appearance, in order to detect tile anomalies. During the

second year, demonstrations of the autonomous operation of the positioner (i.e. mobile
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base, elevator, SCARA type planar arm) will be made. During the third year, the fully

integrated system will be demonstrated to perform precise positioning to tiles with anomaly

detection, automated rewaterproofing and control system processing. These demonstrations

will occur in both operational and laboratory environments. Early and intermediate

demonstrations of techical advancements will be performed in the KSC Robotics

Application Development Laboratory(RADL), while, fully integrated system

demonstrations will occur in the KSC OPF under an Orbiter.

12.2 JUSTIFICATION

Each of the Space Shuttles has approximately 24,000 thermal protection tiles comprising its

aerodynamic surface. The majority of these tiles are located on the bottomside surfaces and

on some leading edge surfaces. Since tiles are flight-critical components, they must be

carefully inspected after each flight. Damaged or contaminated tiles and other TPS

components, must be repaired or replaced. This TPS refurbishment flow cycle is a highly

labor-intensive procedure.

At present the entire Shuttle must be visually inspected for Thermal Protection System

(TPS) component defects including such things as: charred filler bar, tile surface and/or

subsurface contamination, gap filler damage, tile indentations, scratches, cracks, chips and

other anomalies. The specific TPS components exhibiting damage require measuring the

defects, manually recording the location and detailed defect data (e.g. volume, depth,

length, width, color, etc.), and keying in the data into one or more database systems. This

data is then reviewed by TPS engineers who determine rework disposition and authorize

work orders. Once a work authorization document is processed, components are then

repaired and/or replaced.

Another task performed on each tile during each Shuttle flow cycle is rewaterpmofing.

Tiles are extremely porous and can readily absorb large quantities of water. Therefore,

early in the maintenance and refurbishment flow all tiles are internally rewaterproofed by an

injection of a toxic and flammable organic chemical, Dimethylethoxysflane (DMES). A

vast majority of the rewaterproot'mg material bums out during the reentry into the earth's

atmosphere. Rewaterproof'mg is necessary to prevent tiles from absorbing water

encountered during: ferry flight, accidental exposure to water during maintenance and

refurbishment operations, vehicle transfers between facilities, and launch pad operations.
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Because the long term effects of exposure tO DMES by humans is unknown at this time,

certified TPS technicians must wear solvent impermeable gloves, faceshields/goggles,

organic vapor respirators, and coveralls and have a medical physical. When perfom'dng

this critical operation to each tile, a l0 foot clear area is maintained. Exhaustive searches

and studies have not yielded a substitute chemical that is compatible with all TPS materials,

impervious to reentry burnout, and non-hazardous to humans.

Other manually intensive, dimensionally accurate, and equally critical tasks performed

during each Shuttle refurbishment flow include: tile step-and-gap measurements (>500 per

flow), tile replacement cavity measurement, gap-fiUer replacement cavity measurement

(>1000 per flow), contour measurements, and more.

By integrating properly selected sensors and tools, tightly coupled with a system

architecture that includes a mobile robot positioner; step-and-repeat processes such as tile

rewaterproof'mg and selected tile post-flight inspections could be easily handled. An ideal

system architecture consist of: a distributed control system, sensors and tools, and an

autonomous positioner comprising a mobile base, elevating mechanism, and modified

SCARA type planar arm. This system would be configured such that it could

autonomously: 1) perform the tasks (i.e. anomaly detection, tile rewaterproofmg), 2)

record data (location, detailed defect data, images, maps, etc.), 3) automatically upload the

data to appropriate control systems, 4) enable on-line viewing and disposition, and 5)

enable automatic/semi-automatic generation of appropriate rework.

Studies conducted of available sensor technologies for this system by LaRC, SRI, CMU,

and KSC, (2-D vision, 3-D topographical sensors and special tooling), indicate that the

inspection and dimensioning processes encountered during the Shuttle refurbishment flow

coudd be performed in an efficient, accurate, and reliable fashion. Sensors to precisely

position and enable robust navigation are also readily available. Special tests conducted

during this study have revealed that the tile CAD information needed to drive the mobile

positiioner system to precise locations for TPS operations is available, onl/ne, and

sufficiently accurate. The ability to monitor vehicle configuration (e.g. control surface

position) in real time also exists.

Productivity improvements and possible flow time reductions will be achieved with the

automated TPS processing system. Conservative estimates indicate that this system will
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save 630 manhours per flow on initial installation, and greater than 2500 manhours perflow

within one year after instagation

v

Additional productivity improvements that will be realized as a result of implementing the

system to include:

• significant reduction of human exposure to DMES

• more accurate maps, images and digitzations of tile anomafies

• more accurate dimensions def'ming TPS defects

• automatic DR, PR and job completion generation and transmittal

• significandy reduced elapsed flow times for inspections, enabling early work

order release

• reduced elapsed flow times for rewaterproofing and dimensioning tasks with

electronic transmittal of results

• reduction in the amount of time inspection and rewaterproofing personnel must

perform manual overhead work

Oualirv and Reliability

• increased accuracy of dimcmional data for replacctmnt tile and gap filler cavities

that would reduce waste and rework

• improved consistency and accuracy of TPS inspections performed

• more consistent and accurate injection of DMES with bett¢r accountability

• improved Space Shuttle TPS integrity

Technology gainswillalsobe realizedby integratingrobotics,sensors,and conlxolsystem

know-how toa challenging"realworld" application.Applying thesetechnologiestoSpace

Shuttle TPS processing will demonstrate its applicabilityto other ground support

equipment and futureSpace Stationsupportequipment. This willbe thefirstmobile robotic

system to be used for Orbiter launch processing and much will be learned from its

implementation.
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12.3 GOALS AND OBJECTIVES

Project Goals

1) Select appropriate tasks that can be implemented with existing technology to:

a) have a positive impact on Orbiter processing

b) integrate various proven technologies into an o_verational

robotic system, and

c)serveas a viable technologydemonstration

These goals were met by the study phase.

2) Design, develop and integrate a production qualifiable mobile robotic system within a

three to four year time frame.

3) Provide a framework for effective management of the development process.

4) Define significant milestones that can be used to:

a) demonstrate visible progress towards the technical objectives,

b) allow early detection and correction of potential show stoppers, and

c) enable operational feedback to refine the system design.

5) Expose NASA operations to robotic solutions applied to current processing needs.

6) Define development task elements that can be carried out in paratlel, and integration

strategies that will allow the outputs of each task element to be merged into the complete

system.
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Technical Objectives

I) Design, fabricate, and integrate a production qualifiable system for TPS process

automation. This system will initially perform TPS inspections and tile rewaterproof'mg

on the bottomside of the Orbiters, and provide on-line query and display capabilities of

vehicle confisuration and area access.

2) Provide the necessary structure within the robotic system to allow expansion of the

system to the following tasks (potentially software only add-ons).

a) tile step-and-gap measure_nts

b) Orbiter outer mold line _ntour measurement

c) xeplacernent tile cavity digitization

d) tile gap cavity digitization (generation of a pattem for gap filler

fabrication)

e) non-contact bond verification (R&D effort currently in work)

12.4 APPROACH

The approach to achieving these goals and objectives is to leverage previously developed

and proven technologies throughout system development and to utilize a responsive

prototyping methodology [Bares '87], (see figure 12-1 for block diagram). This

methodology was chosen so that the 3-4 year development goal can be obtained. The

responsive prototyping method forces subsystem development efforts to occur in parallel,

while maintaining strong interaction between all aspects of the development process. This

interaction is needed for efficient system development and is enabled through detailed

functional specifications early in the development stages.

Some of the steps outlined for a responsive prototyping methodology have already been

accomplished by performing a comprehensive system study. Specifically, the following

steps have been completed.
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(1) establishment of a justifiable (i.e. rational)project

(2) development of a technically feasible (i.e. credible) system design concept

(3) development of general system design specifications (Le. mobile robotic

positioner, sensors and tools, and control system architecture)

Functional 1

S_*im

System
Development

Rational

Subsystem 1

Development

Desi

Rational

FIGURE 12-1 Responsive Prototyping Methodology
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The project is now in a state to begin preparing the detailed functional specifications for

system and subsystem designs. The remainder of this section is devoted to describing how

the remaining tasks, as outlined in figure 12-1, wig be planned and executed.

Robustness and reliability are prime design goals. Expandability and modularity wig be key

features of the system and subsystem designs. By correct selection of TPS sensor

components, it will be possible to expand system capabilities to include tile and gap filler

cavity digitization, and other dimensioning tasks, without additional hardware or sensors

(i.e. software additions only).

The three major subsystems that comprise the TPS automation system are: 1) mobile

positioner, 2) sensors and specialized tools, and 3) supervisory workcell controller.

Informal design reviews wig be held for major components within each subsystem. For

example, formal design reviews wig be held for each of the major components comprising

the positioner subsystem to include: 1) mobile base, 2) elevating mechanism, 3) end-

effector positioning mechanism, and 4) robot controller.

These reviews wig help to ensure that a coherent system is efficiently developed by feeding

infonnation back to the development team, so that changes and/or revisions can be assessed

by all team members and reflected in the design and functional specifications.

Substantive demonstrations are a key element of the development plan. These

demonstrations wig mark accomplishment of significant milestones, allow operations

personnel to gain familiarity with the robotic system and subsystems, and provide an

additional means of feedback to the development team on system design criteria. It is

important to note that early detection and resolution of potential show stoppers wig be

effected through consistent application of the previous guidelines.

The followingisa listingof significantmilestonesatboth thesystem and subsystem levels.

Each fistisordered sequentially.Subsystem demonstrations willoccur in a laboratory

environment. Fully integratedsystem demonstrations wig occur both in laboratoryand

operationalenvirnments.
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System Milestones

1) Functional Specification Development

• mobile posifioner

• sensors and tools

• control system

2) System Design Reviews

3) Key Demonstrations

a) primary control system user interface

purpose: to demonstrate menu's, windows and 3D capabilites, as well as

vehicle configuration and area access displays.

b) vision sensor and rewaterproof tooling.

purpose: to demonstrate anomaly detection and automated

rewaterproofing tooling

e) mobile base and location strategy

purpose: to show how the mobile base operates, locates and positions

itseg

d) mobile base with ann

purpose: to demonstrate navigation and precise positioning capabilites of

the postioner subsystem

e) positioner and rewaterproofmg end-effeetor

purpose: to show operation of the prototype rewaterproofing system

f) positioner and anomaly detection sensor

purpose: to show how the prototype inspecn'on system operates

g) completely integrated system

purpose: to introduce production qualifiable system from user initiated

task selection through task completion including all electronic

data exchanges, pre- and post-processing, and results.

12-9



Orbiter TPS Automation Study Final Report KSC-DM-3491

Positioner Subsystem Milestones

Major comlxments:

• mobile base

• elevating mechanism

• effector positioner (SCARA type planar ann)

• robot controller

1) Comlxment/Subsystem Design Reviews

2) Mobile base fabrication and testing complete

3) Elevating mechanism fabrication and testing complete

4) Effector positioner (mod. SCARA) fabrication and testing complete

5) Robot controller coding and testing complete

6) Subsystem integration and testing complete

Sensor and S__cial Tools Subsystem Milestones

Major components:

• 2-D Vision Sensors

• 3-D Topoghaphical Sensors

• Tile Rewatexproofmg Tooling

1) Anomalies defined (initial definition)

2) Experimental verification of technologies for anomaly detection

a) tile edge finding, tile ID verification

b) image capture, enhancement, storage

3) Anomaly Detection Component/Subsystem Design Reviews

4) Demon,marion of image display workstation

5) Definitions of anomalies finalized

6) Algorithms developed for autonomous anomaly detection/classification/disposition and

file location

7) Demonstration of autonomous anomaly detection/classification/dispositioning and tile

location

8) Experimemal verification of technologies for rewaterproofing
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a) fluid metering and leak detection

c) injection hole location/verification

9) Rewaterproofing injection tool Design Reviews

10) Rewaterproofmg injection tool testing (Laboratory)

11) Completion of sensor and special tools subsystem

Sutpervisory WorkceU Controller

Major components:

• Enterprise Interfaces

• wo_cen Controller with Display Stations and Peripheral Equipment

• Robot Interfaces

1) Detail System Functional Specification

l) Component/subsystem Design Reviews

2) Demonstration of Area Access/Vehicle Configuration graphical interface

3) Demonstration of real time database generation/modification

4) Demonstration of Enteq_'ise system interfaces

5) Demonstration of wireless communication with mobile robot

6) Subsystem integration complete

12.5 SCHEDULE

Contacts with operations management and end-users wiU be maintained and exercised

extensively throughout the development cycle to ensure that appropriate designs are

developed. The first year's efforts will be devoted to the following major tasks.

1) Development of the detailed design specification for the entire TPS processing system.

This will include system architecture, connectivity(physical, electrical, software),

hardware and software modules, detailed functional requirements, and user interface

requirements.

2) Awarding of Contracts for procurement of major subsystems and components.

3) Initiation of all subsystem designs.

The efforts of the first part Of the second year will be on completing all subsystem design

specifications. The remainder of the year's efforts will be on subsystem fabrication,
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software coding, and testing. Some initial stages of system integration will also take place

towards the end of this year. During the third year all subsystem development work will be

completed and system integration and testing will be initiated. All system integration and

testing will be completed by the middle of the fourth year. The development schedule is

presented in figure 12-2.

Key milestones/demonstrations of this development schedule are listed below in sequential

order by fiscal year.

Fiscal Year 1991

Detailed Functional Specification Complete (2 nd Qtr)

Subsystem Contracts Awarded(4 th Qtr)

Demonstration of Area Access/Vehicle Configuration Graphical Interface (4 th Qtr)

Final Year 1992

Demonstration of Tile ID/Location/Orientation (2 nd Qtr)

Design of Positioner Complete (3 al Qtr)

Den'mnswafion of Anomaly Detection(4 _ Qtr)

Demonstration of Mobile Base and Location Strategy (4 th Qtr)

Fiscal Year 1993

Integration of Positioner Complete(l st Qu')

Demonstration of Rewate_oofmg Tool(2 nd Qtr)

Demonstration of Positioner and Anomaly Detection(2 n0 Qtr)

Demonstration of Positioner and Rewaterproofmg (4 th Qtr)

Fiscal Year 1994

Demonstration of Fully Integrated System (2 nd Qtr)
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SECTION 12.6 RESOURCE REQUIREMENTS

This section describes the resource requirements for this project. Table 12-1 provides a

breakdown of a11 resources by fiscal year, manpower, and hardware and software. A

summary of the total resource requirements by year and for the entire project is provided at

the bottom of table.

Prelect Manaaement

Detail De=don Sm)c

Su_rYlsorv Control

sen=o_
Vision

3D Flange
Tooling

Mobile Posltioner
Mechanlm

Bue
Eisvator

Mod. 8CAFIA

Planning/Cent

Byetem Inteorate/Test

by Fiscal Year

(_ calculated based
on $10OK/manyear)

/or Program

C.S. Manpower

C.S. MAnpower
Con_'. Manpower

Contr. MAnpower
_I/W & S/W

HardwAre
HardwAre
Hardware
Contr, Manpower

Hardware
Hardware
HardwAre
Conb'. Manpower

Hardware
Conb. MAnpower

Contr. Manpower

IC.S. Manyee_
Contr. Manyears
Contr. Costs*
Hardware & S/W

Total $$

FY 1N1

1 rnanyear

1 manyear
4 manyears

2 maw=mr
$100K

$100K

$120K
2 rnanyears

$200K

2 mnye=u's

$80K
2 manyears

2
12

$1.2M
$0.SM
$1.SM

FY 1992

1 manyeer

2 rnanyears

$250K

3 manycars

$50K
$200K

3 manyears

2 manycam

1 rll_r_Nr8

1
10

$1.oM
$0.5M
$1.5M

C.S. Manyears 5
Contr. Manyears 28 @ $100K/yur. $2.8M
Hardware & S/W .................. $1.2M

Total Cost = $4.0M
Program Length : 3,5 years

Table 12-1

Resource Requirements

FY 1993

1 manyeer

1 manyear
$100K

2 rrllny(Niil'S

1
3

$0.3M
$0.1M
$0.4M

FY 1994

1 manyear

1 manyear

2 manyeer=

1
3

$0.3M

IK).3M
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13.0 CONCLUSIONS

The objectives identified at the beginning of the TPS process automation study have been

met in a complete and comprehensive fashion. A thorough research of the current TPS

processes, ongoing related studies, materials, facilities, and scheduling issues was

conducted and the summarized findings are presented in this report.

Nineteen TPS processes were identified that could be automated using robotic and sensor

based technologies, however, seven processes were selected through formal analysis that

are both cost jnstifmble and technically feasible using presently available technology

solutions. These seven tasks include: 1) tile cavity digitization, 2) gap filler digitization, 3)

OML surface contour measurement, 4) tile step-and-gap measurement, 5) noncontact tile

bond verification, 6) bottomside anomaly detection, and 7) bottomside tile rewaterproofmg.

Bottomside anomaly detection and tile rewaterproofmg were selected for the initial

production qualifiable prototype system, because they represent the greatest productivity

increases and enable full hardware system debug at the earliest possible time in the

development cycle. The remaining processes selected for automation are envisioned as

software addons only.

The TPS study resulted in a conceptual design for a robotic system capable of positioning

sensors and specialized tools to perform the seven processes in an autonomous fashion,

with significant manhour savings and improvements to TI'S process efficiency, quality and

human safety. The overall integrity of the Space Shuttle TPS will be greatly improved by

incorporating the proposed system, while the quality of TI'S workli.fe will be enhanced

with electronic documentation, reduction in manual tasks, useful systems and tools, and a

safer environment.

The consolidated system concept for TPS process automation encompasses three major

subsystems to fuUftll automation goals to include: 1) Sensors and Tools, 2) Mobile Robot,

and 3) Control System. Each of these subsystem designs represents opportunities for

demonstating state-of-the-art technology innovations, robust architectures and significant

immediate usefulness, with all hooks provided for high reliabilty and future expandability.
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The development plan formulated to design, integrate and build the proposed system

consists of a responsive prototyping approach that will enable low risk, rapid prototype

development, with high visabilty, concise milestones and purposeful design refinement

feedback. Decisions regarding the most cost effective methods for fabrication of the major

subsystems renutins optional, with time planned for additional research, special testing and

technology surveys. The goal of a low risk, yet high technology application design, will

continue under the proposed development plan.

The TPS process automation study has demonstrated both teamwork and the effective

project management of large scale automation system design, as exemplified by this final

study report. It has resulted the exchange of many good ideas and concepts between the

participants, and at the same time enabled the incorporation of many good suggestions and

ideas from the TPS operations group. This report is intended to lay a firm foundation for

the development process, as well as, serve a guide for future TPS automation work.
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14.0 TPS Study Group

At I_nncdy Space Center:.

NASA

Eric Rhodes PT-AST
Leon Davis DM-MED- 12
Todd Graham DM-MED-12

Boeing Aero_ Ol_rations

William Spiker rl"(Lead)
Rich Bennett

James Spencer

At Langley Research Center

Jack Pennington
Mike Goode

At the Carnegie Mellon Robotics Institute:

Red Whittaker (Principal Investigator)
Kevin Dowling (Lead)
Mike Black-well

Nathan Harding
Derek Noonburg
Bob O_l'oole

Wayne Wong

At SRI International

Prasanna Mulgaonkar
Cregg Cowan
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16.0 Glossary

ARRAY

A GROUP OF INDIVIDUAL _ _ IN A FIXrUR_ AND BONDED TO Tim SUB_TI_ IN

O1_ OI_RATION.

ARRAY MYLAR

A MASTER TEMPLATE USED TO LOCATE THE INDIVIDUAL AT VARIOUS PERIPHERAL

AREAS OF THE ARRAY DURING THE INrrIAL BONDING OPERATION SO THAT TI-IEY CAN BE

REMOVED OT MAKE ROOM FROM THE FRAME OF THE MULTI-PURJPOSE SUB-

INSTALLATION TOOL WHEN AN ADIACENT ARRAY IS BEING BONDED. THESE REMOVED

TILE ARE THEN SUBSEQUEN'I_Y BONDED (BACK FILLED) INTO THE OPEN CAVITIES

BETWEEN THE BONDED ARRAYS.

CATALYST

AN AGENT ADDED TO RTV BASE WHICH ACCELERATES POLYMERIZATION.

CLOSE-OUT-TILE

TILE WHOSE DIMENSIONS ARE NOT DETERMINED BY ENGINEERING DRAWING BUT ARE

DETERMINED BY A CAVITY BOUNDED BY PREVIOUSLY BONDED TILE BY TI_ OML FAIRED

TO THE ADJACENT FILES.

CURE

THE TIME REQUIRED FOR TI-IE ADttESIVE MIX "TO POLARIZE TO A MINIMUM HARDNESS

OF 35 SHORE A OR MORE. THE REQUIRED HARDNESS IS NOT LIKELY TO BE ACHIEVED

BEFORE SIXTEEN HOURS OF CURE.
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DUROMETER

INSTRUMENT FOR M MEASI.YRINGHARDNESS OF RUBBER

FAYING SURFACE

A FAYING SURFACE IS M SURFACE OF ANY MA'rERIAL WHICH IS TO JOINED TO

ANOTHER MATBRIAL BY MEANS SUCH AS RIVETING, WELDING AND BONDING

OPERATIONS.

FIB (FLEXIBLE INSULATION BLANKET)

LOW DENSITY SILICA FIBER BATTING SEWN BEI'WKEN TWO WOVEN GLASS FABRICS.

TEMPI_A'I1.JI_ RANGE OF +1500 DEGREES F.

FILLER BAR

A RTV COATED HIGH TEMPERATURE NOMEX FELT MT IS BONDED TO THE SUBSTRATE

UNDBR M GAPS BETWEEN FILLER BAR SERVES AS TMMMAL AM) MOISTURE BARRIER

BIFFWEENTHE 11I.F.S.

FRSI (FELT REUSABLE SURFACE INSULATION)

NON-WOVEN NOMEX FELT, HEAT TREATED, COATED WITH WHITE ELASTOMERIC

COMPOUND. TEMPERATURE RANGE OF + 750 DEGREES F.

GAP

M DISTANCE BHTWHI_ TILE HDGHS AS REQUIRED BY DRAWING.
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HRSI (HIGH TEMPERATURE) RE-USEABLE SURFACE INSULATION

HRSI IS A BLACK CERAMIC COATED SILICA TILE APPLIED EXTERNALLY TO THE

PRIMARILY STRUCTURAL SHELL OF THE ORBITER VEHICLE AND MAINTAINS AIRYRAME

OUTER SKIN wrFHIN THE ACCEFFABLE TEMPERA'IIJP,.E LIMITS. THESE TILE ARE USED IN

AREAS EXPOSED TO TEMPERATUR_ UP TO 2300 DEGREES F.

HUMIDGRAPH

INSTRUMENT MEASURING M TEMMATURE AND HUMIDITY.

INCHES OF MERCURY

A UNIT OF VACUUM MEASUREMENT. ONE INCH OF MERCURY IS THE APPROXIMATE

EQUIVALENT OF 0.5 POUNDS PER SQUARE INCH PRESSURE.

IML INTERFACE MOLD LINE

M INTEI_ACE MOLD LINE IS M OUTER SURFACE OF THE VEHICLE STRUCTURE. THIS

IS M WHAT M PSI IS BONDED TO. THE WHITE UNGLAZED SURFACE OF M RSI TILE

IS _ TO AS THE IML OF THE TIL_

LRSI LOW TEMPERATURE REUSABLE SURFACE INSULATION

LRSI IS A WHITE CERAMIC COATED SIIJCA TILE APPLIED EXTERNAI.J_Y TO M PRIMARY

STRUCTURAL _ OF M ORBITER VEHICLE AND MAINTAINS M _ OUTER

SKIN WITHIN ACCEPTABLE TEMPERATURE LIMITS. THESE TILES ARE USED IN AREAS

EXPOSED TO TEMPERATURES UP TO 12OO DEGREE£ F.

MIX RATIO

M MIX RATIO IS GIVEN BY I::ORMULA NUMBER WHICH DEIJlqEATES THE QUAN'ITFY OF

CATALYST REQUIRED TO MIX A GIVEN AMOUNT TO ADI-IF_IVE BASE TO PRODUCE A

BOND WHICH WILL MEET ENGINEERING REQUIREMENTS.
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OML OUTER MOLD LINE

TI:IEoIYrERMOST SURFACE OF THE VEHICLE WHICH IS GLAZED SURFACE OF THE TILES.

POLYMERIZATION

A CHANGE IN MOLECULAR STRUCTURE, GOING FORM A LIQUID TO A SOLID.

POT

THE WORKING LIFE OF AN ADHESIVE MIX. THE POTUFE STARTS WHEN THE FIRST DROP

OF CATALYST IS ADDED. PRESSURE MUST BE APPLIED TO THE BOND BEFORE THIS

POTLIFE HAS IDflNR]_.

PSI POUND PER SQUARE INCH

A UNIT OF PRESSURE MEASUREMENT WHICH DESCRIBES THE AMOUNT OF FORCE

APPLIED TO EACH SQUARE INCH OF SURFACE AREA.

PRIMER

AN AGENT APPLIED TO A METALLIC FAYING SURFACE WHENEVER RTV IS USED AS THE

ADHESIVE IN A BONDING OPERATION.

RCC REINFORCE CARBON CARBON

A NON-METALLIC INSULATION MATERIAL WITH A TEMPERATURE RANGE OF +3200

DEGREES F. MATERIAL IS APPLIED TO THE NOSE CAP AND LEADING EDGES OF WINGS.

RCG REACTION CURED GLASS

THE CERAMIC COATING ON THE OtTl'ERSURFACE LRSI AND HRSI TIL_S.
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RELATIVE HUMIDITY (RH)

THE PERCENTAGE OF MOISTURE IN THE AIR COMPARED TO AMOUNT AIR MAY HOLD.

RSI REUSABLE SURFACE INSULATION

INSULATION MATERIA_ THAT CAN BE REUSED OR OR REPLACED AND ARE APPLIED TO

THE OUTER SURFACE.

RTV ROOM TEMPERATURE VULCANIZATION

ANY SlLICONE RUBBER ADHESIVE THAT POLYMERIZF_ AT ROOM TEMPERATURE.

SHELF LIFE

THE MAXIMUM AMOUNT OF TIME FROM THE DATE OF MANUFACTLrRER THAT THE

MATERIAL IS KNOWN OR WARR.ANT'RD TO CONFORM, UNDER SPECIFIC STORAGE

CONDITIONS. TO THE REQUIREMENTS OF THE APPLICABLE MATERIAL _ECIFICATION OF

VENDOI_ RECOMMENDATION. MATERIALS STORED BEYOND THE EXPIRATION DATE OR

BEYOND THE REQUIRED STORAGE TEMPERATURE MUST BE R_lm._-lm.J OR DISCARDED.

SHORE "A" SAMPLE

A SAMPLE OF RTV

SUBSTRATE

THE EXTERNAL PRIMARY STRUCTURAL SHELL OFTHE ORBITER VEHICLE.

SURFACE PREPARATION

A MECHANICAL/CHEMICAL CLEANING PROCESS FOR ANY FAYING SURFACE TO BE

BONDED.
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TERMINATOR LINE

THE EDGE OF THE RCG COATING ON THE SIDEWALLS OF THE TILE.

TPS THERMAL PROTECTION SYSTEM

VARIOUS SY_ OF MATERIALS APPLIED TO THE OUTER SURFACE OF THE VEHICLE

ORBrFER TO PROTECT IF FROM EXI'REME TEMPERATURE RANGES WHICH WILL DAMAGE

THE ORBrI'ER.

WET FILM GAGE

INSTRUMENT USED IN MEASURING WET RTV THICKNESS
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APPENDIX "A"- TPS Process Procedures
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• APPENDIX "C"

Detailed Process Flow Diagrams

This appendix contains the following detailed process flow diagrams:

C-1

C-2

C-3

C-4

C-5

C-6

C-7

C-8

C-9

V6028 Categorization of Anomalies

Gap Filler Inspection Defect Determination

Thermal Barrier Inspection Defect Determination

Filler Bar Inspection Defect Determination

Ceramic Inserts & Hugs Inspection Defect Determination

Defect Criteria for Previous HRSI Tile Rework

New HRSI Tile Anomalies, Inspection Defect Determination

Tile Removal Process

Tile Installation Process
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Appendix "D"

Drawings and Models

The following fist details the drawings and models which were used as part of the TPS

Study:

79K08118

79K05459

79K08112

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

---- BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-I0

BCD V'70-900--30-II

Model Om

Model Two

OPF High Bay Two

Orbiter Mating Device (Edwards Air Force Base)

Orbiter Mate Demate Device (Kennedy Space Center)

Tile Identification Diagram Lower Fuselage

Tile Identification Diagram Lower Left Hand Wing

Tile Identification Diagram Deleted

Tile Identification Diagram Lower Right Hand Wing

Tile Identification Diagram Upper Fuselage

Tile Identification Diagram Upper Let_ Hand Wing

Tile Identification Diagram Upper Right Hand Wing

Tile Identification Diagram Left Hand Side Fuselage

Tile Identification Diagram Right Hand Side Complete

Tile Identification Diagram Vertical Stabilizer

Tile Identification Diagram Aft Heat Sheild Oms Pod And RCS

Three Dimensional Solid Model Of Orbiter located on KSC

Intergraph system

Three Dimensional Solid Model of OPF Platforms 1,2,4 and 8

located on KSC Intergraph System
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APPENDIX E

Process Review Questionaire

I. Background and Drivin_ Specifications/Requirements for the
operation

1) Why is it done?

2) Is the operation driven by random events?
3) Can it be eliminated?

4) Can it be simplified?
5) Can it be automated?

6) Can it be combined with another operation?
7) Can it be accomplished usins another technique?
8) Can it be performed by another working group?
9) Can it be performed in a different facility?
10) Can it be performed by more than one operator at a time?
ll) When is it done?

12) Does it have to be coordinated with other operations?
13) How many times is it performed?

a) per flow

b) Does historical data exist for actual operations
performed? If so, where is it?

14) Is there a time standard for the operation? (nominal
execution time)

a) What is it?
b) How was it derived?

allowances
overhead
other ...

15) Can the operation result in reject(s)?
a) Horn much waste is produced?

material, time, ...

a) Do parts need to be reworked?
c) Do additional operations result?

(e.s. damase to surrounding tiles)

II. Design
1) What are the tolerances?

a) Are they too strict?
b) How are they verified?
c) lOOZ or AqL? (i.e. partial sample)

2) What materials are used?

3) _at finishes are specified?
a) hardness
b) reflectivity
c) texture

d) cure time, number of coats ....
e) other ...

4) What are the requirements for form/shape/symmetry?

E-1
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5) What features are specified?
a) holes
b) edses
c) other ...

6) How are parts identified?

III. Materials

I) _at materials are currently used for each operation?
2) How expensive are they?
3) How easily are they processed?

a) machinability
b) hardness

4) How much waste is produced?
a) Hma is it produced?
b) Can it be reduced?

c) Can it be salvazed or recycled?
5) Can they be standardized?

IV. Operation Flow

1) Is it a sequential operation?
2) What is the operation flow?

a) set up
b) calibrations

c) tile identification
d) task execution

e) data recordins
f) data analysis

3) Are there any future plans for this operation?
4) Can operations/subprocesses be rearranged?
5) Can operations/subprocesses be combined?
6) Can more than one item be processed simultaneously?
7) Can manual operations be automated?

V. Equipment/Setup/Materials Requirements

1) What equipment is currently used/available?
(durins operation)

a) morkstands, scaffolds, fixtures, ...
b) computers
c) seneral tools

d) special purpose tools
e) machines

f) unique technician wardrobe(s)

6) multiple equipment users (e.z. time delays)
h) part and personnel positioning

E-2
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2) Hov is current equipment used?

a) required trainins/certiflcation
b) portability

3) How is current equipment maintained?
a) repairs
b) preventative maintenance

4) Why is the current equipment being used?
s) backsround
b) accuracy requiraents
c) capacity

5) Is new equipnm.nt bein¢ developed?
a) initiating orsanizatlon(s)
b) drlv_ns requirements and specifications
c) develoimental timeline

6) What equipment setup requirements exist for each
operation?

a) tools, gaEes, vorkstands, ...
b) instructions/authorizing document
c) dratrings
d) materials

7) Are computers required?
a) security/login procedures
b) trainin8
c) availability
d) user friendliness
e) data entry
f) data integrity
g) computations

h) outputs
error reports
operation reports
labels
other ,,.

8) What materials are required?
9) When are materials required?
10) Hovmuchmaterial is required?
ll) Where are materials required?
12) How are materials distributed?

a) handling costs
b) unit size

c) storase
shelf life
method
unit size

special requirements
other ...

E-3
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VI. Workins Conditions

1) lishtinz
2) temperature
3 ) humidity
4) ventilation

a) cleanliness
b) toxic sasses
c) toxic llqulds

hyperzolic fuels
cleaners

5) acoustics
6) cleanliness/neatness

VII. Environmental Requirements & Constraints

1) Where is the operation performed?
2) Why is the operation performed vhere it is?
3) Are there plans to chanse the operation location?
4) What are the envirormental/facility requirements?
5) Why do the enviromental requirements exist?
6) Are the environ_ental/facility requirements subject to

change?
7) ghat are the interfacillty requirements/relationships?
8) What is the current conf_uration?

a) Is it optimal?
b) gould a chanse improve productivity?
c) Where are facility services located?

air, rater, computer LAN, power ....
d) Is there any facility designated hardware for a

operation?
fixed, moveable, ...

VII. Safety, Reliability & Quality

1) Is there an associated confidence level?

2) What Hazards are present?
a) electrical

b) li,hting
c) hyperbolic fuels
d) others ..,

3) Are there any safety requirements?
a) background information
b) changing requirements

4) Approvals to perform operation?
5) Inspections performed on work accomplished?

E-4
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VIII. Personnel Requirements

1) Who performs the operation?
2) Why do the current people perform the operation?
3) Rhat level of personnel traininz is required7
4) Human fatigue

5) Physical Requirements
a) Dexterity
b) Required reach

6) Special clothing

7) Typing skills required

IX. Motion economy

1) Does operation require long reaches?
2) Does operation require overhead work?
3) Is operation optimized to use both hands?
4) Is operation optimized to perform greatest number of

tasks from one physical position or location?
5) Is operation opt_cLzed for fewest motions per hand?
6) Are holding fixtures required?
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APPENDIX F- Photo/Video References

Photo References

The following photographs were used during the course of the system study to better
understand those aspects of TPS processing the team was unable to personally observe.

Photo No. Description

KSC-90C-614 STS-31

KSC-90C-615 STS-31

KSC-90C-616 STS-31

KSC-90C-617 STS-31

KSC-90C-618 STS-31

KSC-90C-619 STS-31

KSC-90C-620 STS-31

KSC-90C-621 STS-31

KSC-90C-622 STS-31

KSC-90C-623 STS-31

KSC-90C-624 STS-31

KSC-90C-625 STS-31

KSC-90C-626 STS-31

KSC-90C-636 STS-31

KSC-90C-637 STS-31

KSC-90C-638 STS-31

KSC-90C-657 STS-31

KSC-90C-658 STS-31

KSC-90C-659 STS-31

KSC-90C-660 STS-3 l

KSC-90C-661 STS-31

KSC-90C-662 STS-31

KSC-90C-663 STS-31

KSC-90C-664 STS-31

KSC-90C-689 STS-31

KSC-90C-690 STS-31

KSC-90C-691 STS-31

KSC-90C-692 STS-31

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. ET

Post Landing. RH

Post Landing. RH

Door Thermal Barrier

Door Thermal Barrier

Door Thermal Barrier

Door Thermal Bamer

Door Thermal Barrier

Door Thermal Barrier

Door Thermal Barrier

Door Thermal Barrier

Door Thermal Barrier

Door Thermal Bamer

Door Thermal Barrier

Door Thermal Bamer

Door Thermal Barrier

RCC Panel # 5

RCC Panel # 4

Post Landing. LH RCC Panel # 5

Post Landing. Tile OML Contamination

Post Landing. Tile Impact Damage

Post Landing. RH ET Door Debris

Post Landing. RH ET Door Debris

Post Landing. RH ET Door Debris

Post Landing. RH ET Door Debris

Post Landing. LH Wing RCC

Post Landing. Tile Impact Damage

Post Landing. Loose FIB above LH Startracker Door

Post Landing.

Post Landing.

Post Landing.

Broken Tile on LH Startracker Door

Around the Clock - Left Side

Around the Clock - From Side
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KSC-90C-693

KSC-90C-694

KSC-90C-127

KSC-90C-128

KSC-90C-130

KSC-90C- 131

KSC-90C-137

KSC-90C-138

KSC-90C-139

KSC-90C-141

KSC-90C-142

KSC-90C-143

KSC-90C-144

KSC-90C-145

KSC-90C-146

KSC-90C-147

KSC-90C-148

KSC-90C-149

KSC-90C-155

KSC-90C-157

KSC-90C-I68

KSC-87PC-61

KS C- 81 PC -664

KSC-84PC-97

KSC-8 lPC-436

KSC-89PC-956

KSC-82PC-1237

KSC-82PC-t331

KSC-87PC-59

KSC-82PC-403

KSC-82PC-405

STS-31 Post Landing. Around the Clock - Right Side

STS-31 Post Landing. Around the Clock - Back Side

STS-32 Post Landing. Dryden MDD - West Side

STS-32 Post Landing. Dryden MDD - West Side

STS-32 Post Landing. D_den MDD - Elevon Attach Fitting

STS-32 Post Landing. Dryden MDD - Upper Body Hap

STS-32 Post Landing. Dzyden MDD - LH OMS Pod

STS-32 Post Landing.

STS-32 Post Landing.

STS-32 Post Landing.

STS-32 Post Landing.

STS-32 Post Landing.

Dryden MDD

Dryden MDD

Dryden MDD

- RH OMS Pod

- RH OMS Pod

- RH Elevon

Dryden MDD - Body Flap

Dryden MDD - East Side

STS-32 Post Landing. Dryden MDD - SSME Purge

STS-32 Post Landing, Dryden MDD - Forward from NLG

STS-32 Post Landing. Dryden MDD - Looking Aft from MID

STS-32 Post Landing.

STS-32 Post Landing.

STS-32 Post Landing,

Dryden MDD

Dryden MDD

Dryden MDD

- East Side

- East Side Closeup

- Looking Aft from Nose

STS-32 Post Landing. Dryden MDD - Access to Nose Cap

STS-32 Post Landing. Dryden MDD - RH FRCS

STS-32 Post Landing. Dryden MDD - Forward Overall

OV-103 Nose Landing Gear Door Work in OPF

Orbiter in Tow From OPF to VAB

OV-099 on Runway at KSC

OV-102 In Tow on Runway

OV-103 On Orbiter Transporter enmute to the VAB

OV-102 on Launch Pad 39A

OV-102 being towed into the OPF

Tile Work on OV-103 in OPF

OV-102 on 747 during Ferry Flight

KSC MDD - OV- 102
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Video References

The following videos were created and/or used during the course of the system study.

Description
s

Silma Cimstation Graphical Simulation of Tile Processing Robot
prepared by Boeing

ROBOCAD Graphical Simulation of Tile Processing Robot
prepared by CMU

Post Flight Visual Inspection - Raw Footage of TPS Anomalies
prepared by Boeing

Summary of TPS Tile Anomalies
prepared by Boeing

Japanese robot with mobile base, elevator, and snake arm
obtained from CMU

Dryden Mate Demate Device Safety Familiarization

Length

3 minutes

3 minutes

l-l/2hours

5 minutes

3 minutes

10 minutes
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Appendix "G"

TPS Robot Reach Study

INTRODUCTION

Boeing Aerospace Operation was tasked by NASA KSC Robotics Section to study the

feasibility of doing automated on Orbiter processing of the Thermal Protection System

('ITS) tiles. The mechanism for accomplishing this task will probably be a robotic ann

mounted to an elevating mechanism, which wig be mounted to a mobile base. In order to

establish some basic system paran_ters (reach of the robotic ann, extension required of the

elevator ect.), a Tile Acessibility Study was conducted. Tile maps BCD V70-900-03-01,

BCD V70-900-03-02, and BCD V70-900-30-04 through BCD V70-900-03-12 were used

to manually count tiles in various locations on the Orbiter. This information was used to

evaluate the effect of the system configuration on the number of tiles which can be

processed. Currently, there are three locations were automated tile processing could occur.

These locations are, l) on the apron at Dryden, 2) in the Mate Demate Device (MDM), or 3)

in the Orbiter Processing Facility (OPF) at Kennedy Space Center (KSC). The location

where tile processing occurs and the robot configuration determine the number of tiles the

system will be able to process. Both of these factors were considered in the report.

CONCLUSION

The facility where processing is to be done, and the mechanical design of the robot are two

major factors influencing the number of tiles which can be processed. As of the date of this

report, no tiles have been identified which absolutely must be processed by the mobile

robot. Therefore, it is assumed that the ideal design is one which minirmz" es some type of

cost benefit ratio. This study proposes a mobile robot with a vertical teach of _eventeen to

twenty_ feet. The horizontal reach should be about nine to ten feet. The ideal mechanism

seems to depend on the facility where the device wig be primarily used. In the OPF a fuLly

articulated robot would be desireable. The relative complexity of the design would be

justified by the operational flexibility particularly when processing tiles in highly curved

areas. At the MDM, or on the apron a $CARA type arm would be preferable because the
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mechanism is capable of only planar motion, it should be possible to de-energize joint

servomotors while processing a tile, therby reducing power consumption. Restr/cting the

ann to planar motions should 'also make the system more tolerant of system drive failures.

The kenimatics of the SCARA will result in a system which is relatively easy to protect

against ann-Orbiter collisions. The primary weakness of the SCARA arm appears to be

processing tiles on highly curved surfaces, particularly around the nose of the Orbiter. This

difficulty arises because the arm is constrained to move in a plane, so any orientation must

be accomplished by a wrist. This difficulty can be easily.overcome when processing tiles

on the apron or at the MDM because it should be possible to position the robot in such a

way that it can easily access these curved areas. Tile processing with a SCARA type ann in

the OPF however may prove more difficult due to the number of obstacles that the robot

will encounter (FIGURE 4.). It is anticipated that there will not be a comercially available

SCARA type ann which would be suitable for use on the tile processing robot.

The simplest mechanism would not be capable of wodr.ing around any type of obstacle so it

would be capable of processing only the tiles which are readily accessible in a given

facility. This appears to be the primary weakness of this type of device. Given its simple

kenimatics, this device should be the easiest to prevent from colliding with the Orbiter. As

this device cannot overhang any part of the Orbiter any drive failure sbhould not pose a

hazard to the Orbiter. The payload to weight ratio should be relatively high, and its power

consumption should be relatively low.

II. END EFFECTOR ORIENTATION

The CAD model of the Orbiter was used tO determine the orientation of tiles. The

orientation of the Orbiter Outer Mold Line was determined at various sections thru the

Orbiter Z(o) axis Figure 5). The X(o) and Y(o) coordinates of the tangents at 10 degrees

and 45 degrees were measured (Figure 6). This data was then transfered to the relevant tile

maps, and the number of tiles between each contour was counted The results of this study

are tabulated in Tables 1, 2, and 3. This data was determined by considering the Orbiter in

the OPF. The data is equally valid for the Orbiter in the MDM. On the apron, the Orbiter is

aligned approximately 4 degrees with respect to the horizon along its major axis. As most

of the significant curvature occurs on planes cut though the major axis, the effect of the

v
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Orbiter inclination should not have a significant impact. Hence, this data should

approximate tile orientation on the apron with reasonable accuracy.

This study was undertaken to evaluate the need for the robot to provide orientation. To

successfully process a tile wig require that the robot orient the tool normal to the surface of

the tile. Based on this effort, it appears that an orientation of at least plus or minus 90

degrees with respect to the horizontal plane (up and down motion) and vertical axis

(twisting motion) is desireable. This amount of articulation wig allow the robot to process

tries on the upper body flap, upper wing, and side fuselage areas (Figure 7). This type of

orientation ability wig be particularly important if a SCARA type ann is used, because this

type of device generally operates in only one plane.

III. TILE ACCESSIBILITY IN THE OPF

When the Orbiter is parked in the OPF, its location with respect to the facility is def'med in

ICD-2-1A0002. The OPF environment is controlled, however the workspace around the

Orbiter is cluttered with many permanent and temporary work platforms, cables, hoses,

jackstands and people. For this reason, the OPF seems to present the most demanding

environment for the mechanical design of a mobile robot. The primary fixed structures

which wig impact the design are platforms 1, 4, 8, and 11 (Figures 8a and 8b). The Rear

Swinging Platforms could also affect the design. These structures are defined on KSC

drawing 79K08118. Portions of platforms 1, 4, 8, and 11 which are adjacent to the

Orbiter are movable. They are retracted away f_om the Orbiter during leveling and jacking

operations, and positioned within six inches of the Orbiter so that work can be performed

on the vehicle. Ideally, all automated processing would occur with the platforms retracted.

However, at this point it is not clear that this is possible so the tile accessibility study in the

OPF assumes all platforms are in the woddng position. This assumption results in the most

severe constraints on the mechanical design.

The primary areas which are readily accessible in the OPF are the lower wing and lower

fuselage. There are 15834 tiles in these areas detailed on drawings BCD V70-900-30-01,

BCD V70-900-30-02, and BCD V70-900-30-04. Of that number, 13,828 are readily

accessible. The remaining 2006 tiles are conditionally accessible. Of these tiles, there are

242 tries obscured by the forward jack stands, 376 tiles obscured by the aft jack stands,
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546 tiles are located on the aft landing gear doors, and 842 tiles obscured by platform 8. To

reach the readily accessible tiles will require a robot capable of reaching about 13.5 feet

above the OPF floor. This is the approximate height at which platform 1 would obstruct

access in the nose area of the Orbiter. Tiles in the vicinity of the E.T. Tank doors are

located approximately 9.4 feet above the OPF floor. These are closer to the floor than any

other acreage flies.

In order to reach 618 tiles obscured by the forward and aft jack stands, the robot would

have to reach about 6.5 feet beyond its base in the horizontal plane. Of the 842 tries

obscured by platform 8, 340 flies are located at the tips of the Orbiter wing, and 502 tries

are located around the leading edge of the wing roughly between X(o)=500 and X(o)=900

• The 340 flies located on the wing tips can be processed by a robot with a 4 foot reach.

Some of the tiles located on the leading edge would be difficult to reach with anything but a

six or seven degree of freedom articulated ann. Some of the tiles would be obscured by

platform 8, and platform 4 as illustrated in Figure I, these tiles would be very difficult to

process reliably. The tiles located on the landing gear bay doors has been classified as

conditionally accessible because, in the OPF, these doors are usually open, which means

they are oriented in a vertical plane. At its lowest, each of these doors is about 4.5 feet

above the OPF floor.

The _ fuselage of the Orbiter has 1336 tiles attached to it as specified in BCD V70-900-

30-05. The cockpit and RCS areas of the upper fuselage have 493 tries all of which are

considered not accessible due to the obstruction of the area by platform 1 (see Figure 8a.),

and the height of the area which ranges from 18 to 29 feet above the OPF floor. There are

78 flies located at the base of the redder which are also considered not accessible due to

their location. There are 765 tries located on the upper surface of the body flap which are

conditionally accessible. The robot would need a horizontal reach of about 8.5 feet and a

vertical reach of 13.5 feet to process aLl of these tiles ( see Figure 9). To access these tiles it

would probably be necessary to have the rear swinging platforms in the retracted position.

There are 958 flies located on the upper wings as detailed on drawings BCD V70-900-30-

06, and BCD V70-900-30-07. All of these tiles are conditionally accessible. The 742 tries

located on the upper wings between X(o)=500 and X(o)=900 would be obscured by

platform 8 and platform 4, the limited access would make tile processing very difficult even

for a 7 D.O.F. fully articulated robot arm ( see Figure 1). The 216 tiles located on the
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horizontal elevon surfaces are conditionally accessible because of the limited space, and the

need for one elevon to be in the fully down position, and the adjacent one to be in the furiy

up position in order to gain access to the area.

There are 2734 tiles located on the side fuselage areas of the Orbiter. These are detailed on

drawings BCD V70-900-30-08 and BCD V70-900-30-09. Of these, 412 are readily

accessible because they are located below platform 1. A maximum robot reach of 13.5 feet

above the OPF floor would be required to process these tiles. There are 514 conditionally

accessible tiles on the side fuselage areas. These tries comprise the 64 tries on the vertical

surfaces of the bodyflap, and 450 tiles on the side fuselage adjacent to the body flap. In

order to process the 450 tries on the side fuselage, the horizontal reach of the robotic ann

would have to be about 12.5 feet at an elevation of 16 feet above the OPF floor (see Figure

3). There are 1808 tiles on the side fuselage which are not considered accessible in the

OPF. These include 148 tiles around the cockpit windshield, 1128 tiles in the vicinity of the

Forward RCS, 322 tiles in the nose area aft of the Reinforced Carbon-Carbon (RCC), 38

tiles at the base of the OMS Pods, and 172 tiles in the vicinity of the payload bay door

hinges. These tiles are obscured by platform 1 as well as being relatively high of off the

OPF floor.

Finally there axe 586 tiles located on the Orbiter Vertical Stabilizer as specified on drawing

BCD V70-900-30-10. None of these tiles are accessible due to the height above the OPF

floor (29.5 to over 55 feet). These tiles would also be difficult to access because they are

obscured by either the Space Shuttle Main Engines (SSME) or the Orbiter fuselage.

Drawing BCD V70-900-30-11 details 2995 tiles on the Aft Heat Shield, OMS Pods, and

RCS Pods, none of these tiles is accessible due to the obstruction of other parts of the

Orbiter (SSME and Body Flap to name two), most of these tries are also relatively high

above the OPF floor.

To summarize, there are 13828 tries which are readily accessible to a properly designed

mobile robotic mechanism operating in the OPF. In this facility, there are 4229 tiles which

ate conditionally accessible, and 5974 tiles wldch are not accessible

As stated above, the conditionally accessible tiles are those are those which can be

processed by a mechanism possessing sufficient reach and dexterity. In order to examine

the tradeoff between these factors, several different mechanisms were considered and the
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number of tries processed by each mechanism was counted. The mechanisms considered

were the simplified mechanism, SCARA type arms with reaches of 3, 7, 9.5, and 13 feet,

and fully articulated arms with reaches of 9.5, and 13 feet. the results are tabulated in tables

5 thru 11, and plotted in Figure (10). Implicit in this presentation is the existence of a wrist

which will allow the SCARA type mechanism to orient a tool properly with respect to the

file. Given the existence of such a device, Figure (10) shows a near linear relationship

between reach and processible tries until a reach of eight to ten feet, at which time the return

starts to diminish. The maximum required vertical reach in the OPF is about 16 feet.

IV. TILE ACCESSIBILITY ON THE APRON

On the apron, the centerline of the Orbiter is inclined about four degrees from the horizontal

and there are no work platforms to obstruct access to the vehicle. The net result being, on

the apron, some areas of the Orbiter are easier to access and some areas are more difficult to

access when compared to the OPF environment.

On the apron, the landing gear bay doors are open, and some of the tiles on the doors are

about three feet above the ground. The acreage files in the area of the forward landing gear

are approximately 4.5 feet above the ground. Some of the tiles on the side fuselage adjacent

to the aft heat shield are about 17.5 feet above the ground. Tries on the body flap can be up

to 15 feet above the ground, as are some of the tries on the upper wings. Notice, the aft end

of the Orbiter is closer to the ground when it is jacked and leveled in the OPF. The forward

end of the Orbiter is closer to the ground on the apron. The primary advantage of

processing tries on the apron is the ability to reach tiles on the upper, forward fuselage.

There are 493 tiles on drawing BCD V70-900-30-5 around the forward RCS which are not

accessible in the OPF. These tries could be reached on the apron with a mechanism which

has a seven foot horizontal reach seventeen feet above the ground. There are 725 tries

detailed on drawing BCD-V70-900-30-08 and 725 tiles on V70-900-30-09 which are not

accessible in the OPF. These tiles could also be processed on the apron with the mechanism

detailed above.The results of this survey are tabulated in Table 12.

Analysis of the data presented in Table 12 indicates that the tries are much more accessible

on the apron when compared with the OPF. On the apron, there are 15288 readily

accessible files, this increase due to the lack ofjackstands and work platforms. There are
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4712 conditionally accessible tiles, and only 4031 tiles which are not accessible. Many of

the conditionally accessible tiles, such as those on the upper wings, would be much easier

to process on the apron because there are no platforms to obstruct access. The drop in not

accessible tiles is due primarily to the ability to process tiles on the foward upper fuselage.

On the apron, it is feasible to process up to 20000 u'les which is 83% of the total.

There are at least two disadvantages to doing tile processing on the apron. The first is the

problem of determining the aligm,aent of the Orbiter with respect to the mobile robot. As the

robot is not precisely aligned with respect to any facility, this may be a difficult task. The

second potential problem is the hazardproof'mg requirements. If tile processing is attempted

on the apron prior to safmg the vehicle, it may be necessary for the robot to meet the

requirements of NFPA No. 70 Class 1 Division 2 hazardproofing. Assuming these

obstacles can be dealt with, the apron may be the ideal place to do automated tile

processing.

V. TILE PROCESSING IN THE MDM

When jacked and leveled in the MDM, the Orbiter location relative to the ground is identical

to its orientation in the OPF. However tile access in the MDM should be improved relative

to the OPF. Two factors contribute to this, 1) Platform 8 is not used in the MDM, and 2)

the forward jack stands are also not in use. In the OPF, the forward jackstands obscure 242

tiles, in the MDM, these tiles would be readily accessible. There are 150 tiles on the leading

edge of the Orbiter wing which are obscured by the forward jackstands. These tiles would

also be readily accessible in the MDM. Platform 8 obscures 340 tiles on the tips of the

Orbiter wings. These tiles are also readily accessible in the lVIDM. Access to the 352 tiles

around the leading edge of the Orbiter wing would also be improved in the MDM. It should

be possible to process these tiles with a SCARA type ann in the MDM, rather than the fully

articulated arm which would be required in the OPF. In summary, there are an additional

1084 tiles which could be readily accessed in the MDM. These tries are not so easily

accessible in the OPF. This data is tabulated in Table 13.
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Vl. IN THE OPF PRIOR TO INSTALLING WORK
PLATFORMS

As mentioned above, there is a time after the Orbiter is parked in the OPF when there are no

work platforms in position. At this time, the Orbiter is sitting on its landing gear, in an

orientation exactly like the orientation on the apron. In this attitude, all of the comments

regarding tile accessibility on the apron apply. This may be an ideal time to do tile

processing because tile accessibility is at a maximum. The Orbiter is also roughly aligned to

the facility, so the facility sensors should be useful in determining the location of the robot

relative to the Orbiter.
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J_ockwell Drawina

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCO V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Total

Lower Fuselage 7974

Lower Left Hand Wlng 3724

Deleted 0

Lower Right Hand Wing 3724

Upper Fuselage 1336

Upper Left Hand Wing 479

Upper Right Hand Wing 479

Left Hand Side Fuselage 1367

Right Hand Side Fuselage 1367

Vertical Stabilizer 586

Aft Heat Shleid,OMS & RCS 2995
Pods

TOTAL 24031

0<e<10 10<e<45 e>45

6566 1250 158

2935 456 333

0 0 0

2935 456 333

0 0 1336

0 0 479

0 0 479

0 0 1367

0 0 1367

0 0 586

0 0 2995

12436 2162 9433

TABLE 1. Tiles Counted On Orbiter
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Rockwell Drawlno
Total

BCD V70-900-30-01 Lower Fuselage 7732

BCD V70-900-30-02 Lower Left Hand Wlng 2842

BCD V70-900-30-03 Deleted 0

BCD V70-900-30-04 Lower Right Hand Wlng 2842

BCD V70-900-30-05 Upper Fuselage 0

BCD V70-900-30-06 Upper Left Hand Wing 0

BCD V70-900-30-07 Upper Right Hand Wing 0

BCD V70-900-30-08 Fwd fuselage below platform 206

BCD V70-900-30-09 Fwd fuselage below platform 206

BCD V70-900-30-10 Vertical Stabilizer 0

BCD V70-900-30-11 Aft Heat Shield,OMS & RCS 0
Pods

TOTAL 13828

10<m<10 10<e<45 o>45

6480 1094 158

2616 220 6

0 0 0

2616 220 6

0 0 0

0 0 0

0 0 0

0 0 2O6

0 0 206

0 0 0

0 0 0

11712 1534 582

TABLE 2. Readily Accessible Tiles (OPF)

G-25



Orbiter TPS Automation Study Final Report KSC-DM-3491

Rockwell Drawino

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Location on Orbiter

Over Fwd. jack stands

Over aft Jack stand

On aft landing gear door

Wing tips over platform 8
Around leading edge of wing

Leading edge and platform 8

Deleted

Over aft Jack stand

On aft landing gear door

Wing tips over platform 8
Around leading edge of wing

Leading edge and platform 8

Upper surface of body flap

Upper wing
Horizontal eleven surfaces

Vertical eleven surfaces

Upper wing
Horizontal eleven surfaces

Vertical eleven surfaces

Vertical surface of body flap

Side Fuselage near body flap

Vertical surface of body flap

Side Fuselage near body flap

Total

Orientation

O<e<lO 10<m<45 e>45

242 86 1 56 0

1 88 188 0 0

273 0 0 273

170 131 39 0

176 0 1 76 0

75 0 21 54

0 0 0 0

188 188 0 0

273 0 0 273

170 131 39 0
176 0 176 0

75 0 21 54

765 0 0 765

310 0 0 310

54 0 0 54

108 0 0 108

310 0 0 310

54 0 0 54

108 0 0 108

32 0 0 32
225 0 0 225

32 0 0 32

225 0 0 225

Vertical Stabilizer 0 0 0 0

0 0 0Aft Heat Shield, OMS @ RCS 0
Pods

TOTAL 4229 724 628 2877

TABLE 3. Conditionally Accessible Tiles (OPF)
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Rockwell Drawina Location on Orbiter

BCD V70-900-30-01 Lower Fuselage

BCD V70-900-30-02 Lower Left Hand Wing

BCD V70-900-30-03 Deleted

BCD V70-900-30-04 Lower Right Hand Wing

BCD V70-900-30-05 Cockpit @ Fwd RCS
Base of rudder

BCD V70-900-30-06 Base of OMS Pod

BCD V70-900-30-07 Base of OMS Pod

BCD V70-900-30-08 Around cockpit windshield
Around Fwd RCS

Nose area aft of RCS

Base of OMS Pod

Around Payload Bay Door

hinge

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Around cockpit windshield
Arouod Fwd RCS

Nose area aft of RCS

Base of OMS Pod

Around Payload Bay Door hln

Vertical Stabilizer

Aft Heat Shield OMS @ RCS

Pods

TOTAL

Number of Tiles

0

0

0

0

493

78

7

7

74
564

161

19

86

74

564

161

19

86

586

2995

5974

TABLE 4. Location of Tiles Which Are Not Accessible (OPF)
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Rockwell Drawlno

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70o900-30-09

BCD V70-900-30o10

BCD V70-900-30-11

Location on Orbiter

Over Fwd. jackstands

Over aft Jack stand

On aft landing gear door

Wing tips over platform 8
Around loading edge of wlng

Leading edge and platform 8

Deleted

Over aft jack stand

On aft landing gear door

Wing tips over platform 8

Around leading edge of wing

Leading edge and platform 8

Upper surface of body flap

Upper wing
Horizontal elevon surfaces
Vertical elevon surfaces

Upper wing
Hodzontal elevon surfaces
Vertical alavon surfaces

Vertical surface of body flap

Side Fuselage near body flap

Vertical surface of body flap

Side Fuselage near body flap

Total

242

188

273
170

176

75

188

273

170

176
75

765

310

54
108

310

54
108

32

225

32

225

Accessible

0

0

0
0

0

0

0

0
0

0

0

0

Vertical Stabilizer 0 0

Aft Heat Shleld,OMS @ RCS 0
Pods

TOTAL 4229 0

v

TABLE 5. Process Improvement for Simplified Mechanism (OPF)
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Rockwell Dmwln a

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-g00-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-g00-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Location on Orbiter

Over aft jack stand
On aft landing gear door

Wing tips over platform 8
Around leading edge of wing

Leading edge and platform 8

Deleted

Over aft jack stand

On aft landing gear door

Wing tips over platform 8

Around leading edge of wing

Leading edge and platform 8

Upper surface of body flap

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

VerUcal surface of body flap

Side Fuselage near body flap

Vertical surface of body flap

Side Fuselage near body flap

TOTAL Accessible

242 0

188 0

273 0

170 119
176 93

75 0

0 0

188

273
170

176

75

765

310

54

108

310
54

108

32

225

32

225

0

0

119

93
0

152

0

48

108

0

48

108

32

32

32

32

Vertical Stabilizer 0 0

Aft Heat Shleld,OMS @ RCS 0
Pods

0

TOTAL 4229 1016

TABLE 6. Process Improvement for a SCARA Arm - 3' Gross Reach (OPF)
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Rockwell Drawlno

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

BCD V70-90(Y-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Location on Orbffer

Over Fwd. Jackstands

Over aft Jack stand

On aft landing gear door

Wing tips over platform 8
Around leading edge of wing

Leading edge and platform 8

Deleted

Over aft jack stand

On aft landing gear door

Wing tips over platform 8

Around leading edge of wing
Leading edge and platform 8

Upper surface of body flap

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

Vertical surface of body flap

Side Fuselage near body flap

Varttcal surface of body flap

Side Fuselage near body flap

Total Accessible

242 242

188 188

273 273

170 170

176 119

75 42

0 0

188

273

170

176

75

765

310

54

108

310

54
108

32

225

32

225

188

273

170

119

42

312

0

48

108

0

48
108

32

80

32

80

Vertical Stabilizer 0 0

Aft Heat Shield,OMS @ RCS 0
Pods

TOTAL 4229 2674

V

TABLE 7. Process Improvement for SCARA Arm - 7' Gross Reach (OPF)
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Rockwell Drawino

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Location on Orbiter

Over aft jack stand

On aft landing gear door

Wing tips over platform 8
Around leading edge of wing

Leading edge and platform 8

Deleted

Over aft jack stand

On aft landing gear door
Wing tips over platform 8

Around leading edge of wing

Leading edge and platform 8

Upper surface of body flap

Upper wing
Hodzontal elevon surfaces

Vertical elevon surfaces

Upper wing
Horizontal elevon surfaces

Vertical olevon surfaces

Vertical surface of body flap

Side Fuselage near body flap

Vertical surface of body flap

Side Fuselage near body flap

Total A_:cesslble

242 242

188 188
273 273

170 170

176 119
75 42

0 0

188

273

170
176

75

765

310

54
108

310

54

108

32

225

32
225

188

273

170

119
42

765

0

54

108

0

54

108

32

225

32

225

Vertical Stabilizer 0 0

Aft Heat Shield,OMS @ RCS 0

Pods

• 0

TOTAL 4229 3299

TABLE 8. Process Improvement For A SCARA Arm - 9.5 Foot Gross Reach (OPF)

G-31



Orbiter TPS Automation Study Final Report KSC-DM-3491

Rockwell Drawina

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

Location on Orbiter

Over aft Jack stand

On aft landing gear door

Wing tips over platform 8

Around leading edge of wing

Leading edge and platform 8

Dolotad

Over aft Jack stand

On aft landing gear door

Wing tips over platform 8

Around leading edge of wing
Leading edge and platform 8

Upper surface of body flap

Upper wing
Horizontal eleven surfaces

Vertical eleven surfaces

Upper wing
Hodzontal eleven surfaces

Vertical eleven surfaces

Toiat

242

188

273

170

176

75

0

188

273
170

176

75

765

310

54

108

310

54

108

BCD V70-900-30-08 Vertical surface of body flap 32
Side Fuselage near body flap 225

BCD V70-900-30-09 Vertical surface of body flap 32

Side Fuselage near body flap 22 5

BCD V70-900-30-10

BCD V70-900-30-11

Accessible "_

242

188

273

170

119

42

188

273
170

119

42

765

0

54

108

0

54

108

32

225

32
225

Vertical Stabilizer 0 0

Aft Heat Shleld,OMS @ RCS 0
Pods

TOTAL 4229 3429

TABLE 9. Process Improvement for a SCARA Arm - 13 Foot Gross Reach (OPF)
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Rockwell Drewino

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-g00-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Location on Orbiter

Over aft jack stand

On aft landing gear door
Wing tips over platform 8

Around leading edge of wing

Leading edge and platform 8

Deleted

Over aft jack stand

On aft landing gear door

Wing tipe over platform 8

Around leading edge of wing

Leading edge and platform 8

Upper surface of body flap

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

Vertical surface of body flap

Side Fuselage near body flap

Vertical surface of body flap

Side Fuselage near body flap

Total _ccessible

242 242

188 188

273 273

170 170

176 176

75 75

0 0

188

273

170

176
75

765

310

54

108

310

54

108

32

225

32

225

188

273

170
176

75

765

310

54

108

310

54
108

32

160

32

160

Vertical Stabilizer 0 0

Aft Heat Shleld,OMS @ RCS 0
POds

0

TOTAL 4229 4099

TABLE 10 Process Improvement For A Fully Articulate Arm - 9.5' Gross Reach (OPF)
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Rockwell Drawing

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900-30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Location on Orbiter

Over aft jack stand

On alt landing gear door
Wing tips over platform 8

Around leading edge of wing
Leading edge and platform 8

Deleted

Over aft jack stand
On aft landing goar door

Wing tips over platform 8
Around loading edge of wing

Leading edge and platform 8

Upper surface of body flap

Upper wing
Hodzontal elevon surfaces

Vertical elevon surfaces

Upper wing
Horizontal elevon surfaces

Vertical elevon surfaces

Vertical surface of body flap

Side Fuselage near body flap

Vertical surface of body flap
Side Fuselage near body flap

Total Accessible

242 242

188 188

273 273

170 170

176 176
75 75

0 0

188

273

170

176

75

765

310

54
108

310

54
108

32

225

32

225

188

273

170

176
75

765

310

54

108

310

54
108

32

225

32

225

Vertical Stabilizer 0 0

Aft Heat Shield,OMS @ RCS 0
Pods

TOTAL 4229 4229

TABLE 11.Process Improvemant For A Fully Articulated Arm 13 Foot Gross Reach
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Rockwell Drawlna Arga of Orbiter

Total RAT

BCD V70-900-30-01 Lower Fuselage 7974 7974

BCD V70-900-30o02 Lower Left Hand Wing 3724 3451

BCD V70-900-30-03 Deleted 0 0

BCD V70-900-30-04 Lower Right Hand Wing 3724 3451

BCD V70-900-30-05 Upper Fuselage 1336 0

BCD V70-900-30-06 Upper Left Hand wing 479 0

BCD v70-900-30-07 Upper Right Hand Wlng 479 0

BCD V70-900-30-08 Left Hand Side Fuselage 1367 206

BCD V70-900-30-09 Right Hand Side Fuselage 1376 206

BCD V70-900-30-10 Vertical Stabilizer 588 0

BCD V70-900-30-11 Aft Heat Shleld,OMS & RCS 2995 0
Pods

TOTAL 24031 1 5288

CAT NA
0 0

273 0

0 0

273 0

1258 78

472 7

472 7

982 179

982 179

0 586

0 2995

4712 4031

TABLE 12. Tile Accessibility On The Apron
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Rockwell Drawlno N.luLaL.0d_t_

Total RAT

BCD V70-900-30-01 Lower Fuselage 7974 7974

BCD V70-900-30-02 Lower Left Hand Wing 3724 3087

BCD V70-900-30-03 Deleted 0 0

BCD V70-900-30-04 Lower Right Hand Wing 3724 3087

BCD V70-900-30-05 Upper Fuselage 1336 0

BCD V70-900-30-06 Upper Left Hand Wing 479 0

BCD V70-900-30-07 Upper Right Hand Wing 479 0

BCD V70-900-30-08 Left Hand Side Fuselage 1367 206

BCD V70-900-30-09 Right Hand Side Fuselage 1378 206

BCD V70-900-30-10 Vertical Stabilizer 586 0

BCD V70-900-30-11 Aft Heat Shleld,OMS & RCS 2995 0

Pods

TOTAL 24031 14560

CAT NA

0 0

637 0

0 0

637 0

765 571

472 7

472 7

257 904

257 904

0 586

0 2995

3497 5974

TABLE 13. Tile Accessibility On The MDM
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Rockwell Drawina

BCD V70-900-30-01

BCD V70-900-30-02

BCD V70-900-30-03

BCD V70-900°30-04

BCD V70-900-30-05

BCD V70-900-30-06

BCD V70-900-30-07

BCD V70-900-30-08

BCD V70-900-30-09

BCD V70-900-30-10

BCD V70-900-30-11

Total RAT CAT NA

Lower Fuselage 7974 7732 242 0

Lower Left Hand Wlng 3724 2842 882 0

Deleted 0 0 0 0

Lower Right Hand Wlng 3724 2842 882 0

Upper Fuselage 1336 0 765 571

Upper Left Hand Wing 479 0 472 7

Upper Right Hand Wing 479 0 472 7

Left Hand Side Fuselage 1367 206 257 904

Right Hand Side Fuselage 1376 206 257 904

Vertical Stabilizer 586 0 0 586

Aft Heat Shield,OMS & RCS 2995 0 0 2995

Pods

TOTAL 24031 14560 3497 5974

TABLE 14. Summary of Tile Accessibility In the OPF

G-37





Orbiter TPS Automation Study Final Report KSC-DM-3491

Appendix "H"

Vision Sensors Special Studies

This appendix consists of special visions sensor tests and studies. It consists of two major

sections to include:

Appendix H.1 Survey of Vision Sensors for TPS automation Study

Appendix H.2 Determination of Required Sensor Resolutions
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Appendix H.1

SURVEY OF VISION SENSORS FOR TPS AUTOMATION STUDY

PURPOSE: To determine the characteristics representative of commercially available

grey-scale cameras.

METHOD: Technical and sales brouchures were obtained from a variety of camera

manufacturers.

PERFORMED BY: SRI International.

SUMMARY: The following table summarizes the relevant characteristics of several

cameras that are commercially available. Primary emphasis has been placed on finding

examples having small size and high resolution. Cameras having a "remote" head, with

lens and CCD array connected to the controller over a variable-length cable, are designated

in the next-to-last column.

Vendor Model Pixel Array Size(HxV) Ion wid ht Cost

ELMO SE300 574 x 489 11 x 10

ELMO EM-102BW 570 x 485 11 x 10

Videk MEGAPLUS 1320 x 1035 7 x 7

NEC TI-22 384 x 490

Cohu 4110 739 x 484 8 x 19

Dalsa CT-EI 512 x 512 13 x 13

Pulnix 'I34540R 510 x 492 17 x 13

Pulnix TM840 800x 490 11 x 13
I

Pulnix TM740 768 x 493 9 x 7

Pulnix TM460 422 x 579

126 65 65

53 17 17

134 127 76

32 38 32

136 32 45

119 44 32

178 45 39

10-20,000

2800

4000

1600

H-2



Orbiter TPS Automation Study Final Report KSC-DM-3491

DISCUSSION:

There are several advantages of CCD cameras over the older robe-type cameras that have

made the CCD the sensor of choice for machine vision applications. They are nearly

maintenance-free and do not change with age, so they typically provide several years of

trouble-free service. Since they contain no deflection cogs, they are very resistant to nearby

electromagnetic interference. They are not sensitive to vibrations and are free from thje

distortions typical of vidicons tubes. Finally, jCCD array cameras are not damaged by

bright illumination and so do not have the problem with Imming of the sensor.

Typical array cameras used in machine vision have pixel arrays consisting from 250 to 500

pixels on each side. New cameras with larger arrays are becoming available. For

exarnlple, there are currently several cameras with array size of about 800 x 500 pixels, and

one camera whose pixel array is 1300 x 1000. The price of these higher resolution cameras

typically starts around $3000. The camera cost usually depends in part on the

manufacturer's guarantee regarding the maximum number of defective pixels. For the

highest cost camera in the above table, the Videk MegaPlus, the cost may be as low as

$10,000 for a camera with 20-30 defects (out of 1.3 million pixels) up to a maximum of

$20,000 for a camera with no more than 5 defective pixels.

Current camera technology does have shortcomings in addtion to its cost In addtion to

limited resolution, current camera technology has the additional shortcoming of a limited

dynamic range. That is, there is a fairly limited range of brightness that a CCD device can

sense. This limitation is especially important for observing the HRSI tiles because the are

black and specular. A large lens aperture must normally be used to sense the dark surface,

but specular (mirror) reflection of the light source, e.g., from the rounded edge of a

neighboring tile, may exceed the camera dynamic range. The camera dynamic range

depends on the amount of photoelectric charge that can be accumulated at each pixel. When

the pixel exceeds its maximum charge, the excess charge leaks into the neighboring transfer

channel causing one column or row to appear completely white. Some cameras, e.g. the

General Electric TN2500 series, use a different technique known as CID (Charge Injection

Device), which has the desirable feature that the excess charge is retained in the overloaded

pixel. Unfortunately, CID sensors generally do not have as much resolution as CCD's.

Most CCD cameras in use for machine vision are primarily designed for surveillance or

security applications.
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As such, their frame rate (the rate with shich they collect images) is based on the normal

video rate of 30 frames per second. However, using such a short time for image

acquisition means that more light must be used (so that sufficient accumulates at each pixel.

The required illumination is very important for a battery-powered vihicle because of their

power requirements, jTo illustrate this point, typical machine-vision applications in

industry may use 500-1000 watts of illumination (of course, these applications typically do

not depend on batteries for their power. Some cameras, e.g., the Videk Megaplus, have a

variable frame rate. Obviously, this is a desirable feature from the standpoint of required

power.

Size and weight are also an important considerations for any system on a mobile platform.

Some cameras provide for the image-sensing head to be remote from the electronic control

equipment. This feature is also obviously desirable but further study is necessary to

determine the relative importance of sensor size and weight.
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Appendix H.2

Sensor Resolution

PURPOSE:

The conceptual designs presented in sections 10.1.I - 10.1.9 have described various tasks that may

be performed using grey-scale or color vision (2D), using 3D topographic sensors, or a combination

of them. This discussion addresses the required resolution from each of these sensors for the

various tasks.

Perform By:

SRI International

Conclusions:

A Table located at the end of appendix summarizes the estimates of required sensor resolutions.

Further live testing with operators and sample TPS materials and anomalies will be necessary to

determine exact sensor specifications

Discussion

Clearly the size of the smallest feature that must be detected by any sensor defines the minimum

required resolution for its task. Automatic detection of small but significant image features is

difficult because images are generally quite noisy. For example, in a grey-scale image of a uniform

surface, pixel-to-pixel differences of 3 or 4 intensity values are common. The noise in 3-D range

images is often much worse -- the difference between neighboring pixels on a flat surface often

exceeds the manufacturer's specifications (the manufacturer usually states the device's performance

on an ideal, matte surface), and sometimes the images include isolated erroneous values differing by

an inch or more from the surrounding region. Due to these noise problems, automatic feature

detection requires multiple pixels across the smallest feature to be detected. Two to five pixels are

sufficient to detect a feature if it exhibits high contrast with the background (with higher contrast,

fewer pixels are required). For example, Figure SRI-2PIXEL illustrates the detection of a bright
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spot on a dark background with a spatial resolution guaranteeing only two pixels across the spot. In

Figure SRI-2PIXELa the image of the region boundary is aligned with the pixel boundaries; in

Figure SRI-2PIXELb the region boundary is completely out of alignment with the pixel array, so

that two mixed pixels are formed (so called because their data is an average or mix of multiple image

features). The spot is easily detectable in the image because its high contract causes the pixel values

to be significantly different from the background, even for the mixed pixels. To detect and reliably

measure the size of an image feature usually requires 10 pixels across the smallest feature, so that an

error of+/- one pixel (due to the mixed-pixel effect), only results in a 10% error.

It is also important to note that the system must guarantee a minimum resolution in *any* direction,

since anomalous features may appear at any orientation in the image. For example, a 512 x 512 pixel

camera arranged to view a 6-inch square tile obtains 85 pixels per inch (ppi) in the image directions

corresponding to the rows and columns of pixels, but only obtains 60 ppi in the diagonal direction.

The following subsections discuss the senstory systems using 2D monochrome (greyscale) images,

2D color images, and 3D range sensors. A general discussion of sensor capabriities and tradeoffs is

included for each type of sensor, along with a description of the desired characteristics for each type.

_-_ 2D Monochrome Vision

Monochrome (or greyscale) imaging is the basic sensing method for visual anomaly inspections

(v6028, V6037) and for verifying the identity and location of a tile. As previously described, the size

of the smallest anomaly to be detected determines the required image resolution. Another important

imaging characteristic is the dynamic range of the camera and the camera's response when the image

brightness exceeds its dynamic range. In particular, when the charge accumulated at one pixel in a

typical CCD array exceeds its capacity, the excess voltage overflows into the adjacent transfer

channel. This effect is caged blooming and usually results in the loss of entire rows or colunms of

data, depending on the chip design. Obviously, blooming is undesirable. However, many tries have

dark regions and therefore will require a large lens aperture to obtain a sufficient signal on those

regions. At the same time tiles may have bright regions (e.g., visible white substrate) and many tiles

have shiny regions that may cause mirror reflection of the light-source into the camera, either of

which may exceed the camera's dynamic range. Since it will probably not be possible to guarantee

that blooming does not occur, it will be necessary to detect the condition and compensate for it (for

example, by closing the aperture to eliminate the blooming or by rotating the camera so that the row

or column of lost data corresponds to a different portion of the tile).
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There are some cameras that do not bloom. In particular, the GE TN2500 series cameras use CID

(charge injection device) technology, which allows a simple and reliable clipping of pixels with

excess charge. However, these cameras generally do not provide the resolution available with the

more conunon CCD technology. A comparison of available cameras appears in Appendix G.2.1.

The most important physical characteristic of the camera is that it be small. Small size is especially

important when multiple cameras are used (as described in Section 10.3.2) because each of the

adjacent cameras should be oriented for a normal (perpendicular) view of the tile being inspected.

Using a large camera in such an arrangement would require that one or more of the cameras be tilted

from the normal view. Although it would be possible to correct for the distortions caused by a non-

normal view, it is best to avoid the problem altogether so as to reduce the required computation. In a

similar way it is desirable for the camera to be fight weight in order to maximize the flexibility of

adding additional tools ore sensors without exceeding the maximum positioner pay load.

In a typical scenario video digitizing equipment is needed in order to capture each greyscale image

and place it into computer memory for processing. (The primary exception is when the Videk

Megaplus camera is used, because it provides digital image output). The digitizer grabs an individual

video frame, samples the analog waveform and converts the analog samples to digital. Ideally the

camera and digitizer should have the same resolution (or sampling interval) to avoid distortion of the

signal (called aliasing -- for a discussion of aliasing, see "The Fourier Transform and its

Application," by R. BraceweU).

Color Vision

Although there are relatively few tile image feature whose color differs from the normal grey/black

spectrum, accurate color comparison is nevertheless nontrivial. In particular, algorithms for

automatic detection of colored regions do not approach the visual acuity of the human visual system.

To ensure adequate separation of colors and to maximize the ability to calibrate the color system, it is

higldy recomrvended that a camera incoxporating 3 CCD arrays be used. Single chip cameras use an

integral striped filter atop the CCD array and therefore cause a loss of spatial resolution in each color.

In addition, the single chip cameras only have one set of CCD readout and video electronics,

whereas the 3 chip cameras have 3 sets, allowing better calibration of the video output signal.

The desired camera output format is component video -- each of the color signals is output as a

separate channel (whereas in composite video all signals are combined). It is also preferable that the

camera provide red, green and blue outputs because that is the necessary input to the color image

digitizer. However it is also possible to convert the output of certain cameras (e.g., the Panasonic
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M-II system) using the l_ce-chromanance (YC) format into the necessa__, red, green arid blue

signals without significant loss of color fidelity. As a final note regarding video formats, to maintain

good color resolution it is important that the video signal not be convened to the NTSC format at any

point before it is digitized. (Some low-cost color cameras use NTSC internally and simply provide a

conversion to RGB as an optional output.)

The final piece of electronic equipment needed to obtain a color image is a digitizer. It is important

that the digitizer provide separate circuitry for the red, green, and blue channels for calibration

purposes. Furthermore, the system must provide the facility (preferably in software) to individuaLly

calibrate the gains and offsets for each of the analog-digital circuits.

3D Vision

An ideal 3D topographic sensor would be one that could scan all the necessary data for the inspection

of one tile (or cavity) without having to be repositioned. That is, the ideal sensor would sweep its

spot in two directions (or its Line in one direction) to gather a dense "map" of data over a region of

the tile surface. Unfommately, it is not yet known if any cormnercialJy available sensor provides this

capability while also providing the resolution and speed required for TPS automation.

As previously mentioned it is common for the noise level in a range image to far exceed the device

specification because the manufacturer tests it on ideal (usually matte) surfaces. Therefore it is

usually necessary to test each sensor on representative surface materials during the process of

selecting a sensor.

The scanning rate of a range sensor is also especially important because of the large number of

measurements needed to form a dense map of range values. Consider an example task of measuring

a small region to a resolution of 5 mils using the HyScan range sensor (currently popular with the

automotive industry). At its specified maximum rate of 10,000 points per second it would take 4

seconds to measure each square inch of the region.

It is also worth noting that some range sensors may perform poorly in scenes having a large dynamic

range. Obviously any range sensor using a CCD array as a detector will fail if any pixel in the image

array blooms.

Finally it must be noted that some sensors may give very bad data on regions where the substrate is

visible. For example, the Technical Arts White Scanner triangulation system gives completely

erroneous values for such regions. The reason for its failure is that the system uses a simple binary
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I

image threshold to find the location of the stripe of light. When the light stripe falls on any portion

of the visible substrate region, the translucence of the material allows the light to penetrate the

substrate with the result that the entire region appears relatively bright. In cases where the region's

brighmess exceeds the stripe-location threshold, the range calculation method fails completely and

the the gouged region appears as a tilted surface that is above the tile on one side and below it on the

other. Furthermore there is no indication that these values are in error.

Resolution for Visual Anomaly Detection

The following paragraphs describe sensing requirements for the various inspection procedures for

HRSI tiles. Using the study of the V6028 visual tile inspection (described in Appendix ***), it is

possible to estimate the required spatial resolution for each type of defect. Note that although certain

inspection criteria do not specify a minimum defect size (e.g., such as the instruction to remove all

contamination), it is necessary in an automated system to def'me a minimum feature size. Assuming

that the system must assure detection of anomalous regions whose diameter is .030 inch then each

pixel should measure a region .006 inch in diameter (for a spatial resoluton of 167 ppi). For a 6 inch

square tile, 1400 pixels would be required to obtain the required minimum resolution in all directions

on the file surface.

Gap Fillers

Fairly low resolution would be sufficient to detect fraying of pad/pillow type gap fillers. According

to the V6028 inspection criteria, the critical size of a "rooster-talr' is 0.25 inch. To determine if a

"rooster-tair' is larger than 0.25 inch would require about 40 ppi resolution. However, detecting

small holes in the gap f'fller requires higher resolution. To detect holes as small as .030 inch requires

spatial resolution of 167 ppi. Note that since the system must do anomaly detection over the entire

tile using similar high resolution, it should be possible to use a slightly larger field of view so that the

gap fillers are also inspected at the same resolution.

Detecting discoloration of pad/piliow type gap f'glers probably requirescolorsensing,but it might be

possible to detect a change in reflectivity using a greyscale camera. Note that if color sensing is

required, the distinction between a normal and a discolored gap filler may be somewhat subtle.

Complete specification of the required sensing to detect this type of discoloration must be the subject

of further study.

Due to the lack of available examples, it is not currently possible to determine the resolution

necessary to detect fiber fusion of Ames-type gap tillers. However it is reasonable to expect that
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rather high resolution would be required because the most likely technique would be to detect a

significant alteration of the texture on the edge of the gap filler. The gap fdlers are composed of

rather small fibers (about .030 inch) and each fiber does not have a uniform appearance, so that the

minimum feature size for visually detecting fiber fusion may be .005 inch or smaller. These estimates

would indicate that image resolution of about 1000 ppi may be necessary.

To determine if the location of an Ames-type gap filler is within .125 inch of the OML requires range

sensing. Since the gap may be as thin as .030 it is desirable to use range resolution of about .003.

Note that for this task the spatial and depth resolutions need not be identical because the main

problem is to get enough range samples on the gap filler. Thus it would be sufficient to have .003

spatial resolution with a range resolution of about .010.

Thermal Barriers

The inspection and rework criteria for a frayed thermal barrier is similar to that for a pad/pillow type

gap f'dler and a similar visual resolution would be required (40 ppi). However the visual detection of

exposed inner sieave material would require higher resolution. Although no minimum defect size is

specified, it is reasonable to assume .030 inch as a minimum size until further study can be

performed. Thus the required spatial resolution is 167 ppi. The requirements for detecting

discoloration of thermal barriers is assumed tO be similar tO thOse of pad/pillow type gap fillers.

Filler Bar

Current visual detection of charred tiger bar is entirely based on the accompanying color change from

the normal red-brown color of RTV to brown/black. The envisioned special tool (described in

Section 10.3_) would look down the gap to observe the color of the filler bar in a small region.

The tool would be translated over all gaps. With this tool very low spatial resolution would be

required. In fact the tool would not form an "image" of the gap filler, but would simply be an analog

device detecting the color of the underlying filler bar. Since the charred regions can be expected to

be relatively long (at least **'1 inch) a field of view should be about .25-.50 inch should be

sufficient.

Ceramic Inserts

According to the V6028 inspection criteria the visible edge of ceramic inserts must be inspected for

cracks and, if found, a determination must be made if the pieces ate loose or missing. It is certainly

possible to detect missing pieces -- e.g., missing pieces greater than .030 inch can be detected using
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spatial resolution of 167 ppi. Note that range information is not required since the loss of any

material may be considered anomalous. Detecting all cracks however is more difficult due to their

potentially very thin appearance. To detect cracks whose gap is .005 would require 1000 ppi

resolution. Further study is needed to determine the minimum gap size that must be detected.

Ceramic Plugs

Although the inspection criteria does not specify the minimum size of chips or missing material, it is

reasonable to assume .030 as a minimum, so that 167 ppi is sufficient. Once a chip is detected, it

must be measured to determine if its depth exceeds .100 inch, indicating a required range resolution

of .010 inch.

HRSI Tile

The inspection criteria for a HRSI the depends on whether the anomaly lies within a previously

repaired region or not. However in either case it is necessary to visually detect small anomalies (e.g,

contamination, coating loss, bubbling of prior RTV repairs, etc.). Once again it seems reasonable to

use .030 inch as a minimum anomaly size resulting in a required spatial resolution of 167 ppi. This

resolution easily handles the required detection of .100 inch voids or holes (for a f'dl repair anomaly

and for holes in the OML on a new anomaly), and regions of depressed coating greater that .6 inch.

Note that further study is required to ensure that a region of depressed coating with no coating loss is

detectable visually. Once holes are detected their depth must be measured. The smallest critical

depth is .030 inch (for depressed coating), requiring range resolution of .003 inch. Detecting the

color of an anomaly is also important in order to distinguish between normal grey outgassing and

anomalous red/brown outgassing.
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Summary

The following table summarizes the preceeding discussion on the necessary resolution for each

sensing task. Tasks that do not require range or color sensing have no entry in the corresponding

column.

TASK SPATIAL RANGE COLOR
RF_,SOLU'HON RESOLUTION NEEDED?.

(PPI) (MILS)
GAP FILLER

PAD-TYPE 167
AMES-TYPE 1000 (est) 3

THERMAL BARR 167
FII.LER BAR 2

CERAMIC INSRT 1000 (est)
CERAMIC PLUG 167 10
HRSI TILE 167 3

maybe

maybe
yes

yes
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Appendix 'T'

3-D Topograhical Sensors

This appendix contains special tests and studies conducted for 3-D topographical sensors. This

appendix contains 3 sections to include:

Appendix I.l 3-D Scanner Tests CMU

Appendix 1.2 3-D Supplier Survey SRI

Appendix 1.3 3-D Special Test I..aRC
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Appendix 1.1

3D Scanner Tests

Purpose:

Rangefmders cari be used to obtain a three-dimensional map of the surface of the shuttle, from

which file step, gap and other surface imperfections measured and stored. These sensors can also

be used to obtain cavity shapes and possibly to locate waterproofing injection holes.

As part of a study on sensor capability determining sensor suitability CMU obtained an array of ten

tries and scanned it with two types of commercially available sensors: a light stripe system and a 2-

meter LIDAR scanner.

Perform by: Carnegie Mellon University

Discussion:

Light Stripe System

Light stripe sensors use structured light. They project a plane of light, forming a stripe on the

object. A stripe image is then digitized. Since the light stripe is two-dimensional, and the

geometry of the light source and the camera are known, a stripe of three.dimensional points on the

surface can be determined. The light stripe is moved across the object resulting in a complete three-

dimensional surface mapping. Advantages of this technology include the relatively simplicity of the

electronics - most of the work involved is limited only by the speed of the available computers.

The major disadvantage is that this technique is slow because a video picture, taking 1/30 second,

must be taken of each stripe. This could be solved by using specialized hardware reading directly

from a CCD array. Also, shadowing in the gaps (because the light is projected at an angle to the

gap) is a problem with any type of structured light sensor.

The test data scanned from a tile array showed several things. A 4"x6" image took approximately

4-5 minutes with a 300tt step. Accuracy was approximately 20g - enough for step and gap

I-2



Orbiter TPS Automation Study Final Report KSC-DM-3491

measurement but not for finding waterproofing holes.

with the angle at which the scan'was performed.

perpendicular scans.

The amount of shadowing varied greatly

This can be compensated by using two

If the speed problem can be overcome with specialized hardware then the simplicity of light stripe

scanning looks very attractive for this work.

LIDAR Scanner

LIDAR is very similar to RADAR, except that it uses visible or IR light. A modulated beam is

scanned over an object, and difference in the phase of the return light and the outgoing beam is

poqxntional to distance. The primary advantage to this technique is speed: a complete surface map

can be created at frame rates. A disadvantage is that LIDAR scanners require more complex

electronics resulting in heavier, bulkier, and more power consuming packages.

The 2-meter LIDAR scanner which was tested by the FRC imaged a one-meter by one-meter patch

per image and was accurate to approximately 0.5 mm, which is not enough for the step and gap

measurement. Time to take this data was 0.5 seconds. However new generation scanners are

expected to have an 80$t accuracy, sufficient for these measurements. Another advantage of the

I2DAR scanner is that it returns both range and intensity measurements for each pixel so correlated

monochromatic color information can be determined with the same se_or.

Current generation LIDAR devices are heavy and fragile and don't meet project needs for accuracy.

Certainly with the pace and development effort underway these devices become viable. However,

for current work the LIDAR-type device does not appear to do the job.
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Appendix 1.2

3-D Vision Survey

Purpose:

To investigate commericilly available 3-D topographical Sensors for use in the TPS process

automation system.

Performed By:

SRI International

Conclusion:

The following list potential candidate 3-D topographical S_Lsors:

Model max Standoff Resolution Field of

PPS (mm) (mm) View (mm)

Hymark HyScan 10000 150

Chesapeake LTG 2100 1800 630

Perceptron LIDAR 360000 2400

.025 100

.013 76

1.500 1400
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Appendix 1.3

EVALUATION OF COHERENT LASER RADAR APPLICATION TO SHUTTLE

GAP AND HEIGHT DIFFERENTIAL MEASUREMENT

Purpose

To determine the

tile migration.

Performed by:

effectiveness of Coherent Laser Radar (CLR) technology in measuring shuttle

Langley Research Center (LaRC)

Process

This experiment was conducted on 4/12/89 in the laboratory of Digital Optronics Corporation of

Herndon, VA. The instrument used was a high precision version of CLR similar to a system at

LaRC. LaRC's system is an order of magnitude less precise but three orders of magnitude faster.

The instrument used in this experiment is now at Digital Signal Corporation of Springfield, VA,

the original developers of the CLR technology. The instrument as currenOy configured may not be

directly applicable to this application but the experimental results indicate the technology's

capability for automating the inspection and step/gap measurement processes.

The accompanying figures are a diagram and graphic results of the experiment. Two black tiles

were mounted side by side, one on a nonmovable holder and the other on a positioning device

capable of being adjusted 10 microns per tick in the Z direction (i.e. along the range axis of the

instrument). The tiles were positioned 10 mils apart between their bottom edges resulting in a 55

rail separation between their top shoulders (see diagram). The nominal distance of the tiles from

the scanning instnm_nt was 71 inches. A single line was scanned across the tiles for each of three

conditions:I) No range differential between their top surfaces, 2) A three (3) rail range differential

between their top surfaces, and 3) A six (6) mil range differential between their top surfaces (the

actual distance increment for each condition was 7 ticks of the positioning device - 70 microns or

2.75 mils). AU data represent ranges to a series of points representing a line roughiy centered on
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the gap between the tiles. A high resolution and a low resolution graph is shown for each

condition. On the graphs, spacing refers to gap and offset refers to step.

Conclusion

The insumnent is capable of locating a target with a 1 sigma accuracy of 3 mils and an absolute

accuracy of 10 mils in the Z direction. At this distance the absolute location accuracy in the X,Y

plane is 5 mils. Data was also taken at 120 inches in condition 1. Z direction accuracy at this

distance is the same as at 71 inches with a 10 rail location accuracy in the X,Y plane.
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EXPERIMENT DIAGRAM
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Appendix "J"

Tile Rewaterproofing Special Studies

PURPOSE: To determine if feasible technologies exist for use in a modified tile injection
tool that enable its use in automated system.

METHOD: A study was conducted into various options for modifying the existing tile

injection tool to collect, measure and dispose of any leaking DMES.

PERFORMED BY: Standford Research International

SUMMARY: Two methods for measuring the amount of leaked DMES appear the most

feasible. Conceptual designs featuring these two methods were developed (Section

10.1.2).

DISCUSSION:

The major modification to adapt the hand-held unit for robotic use would be a subsystem to

trap and detect any leak. We should also consider what happens to the DMES, i.e.

disposal, in a worst case scenario where the full 2 ml leaks out of the injection nozzle.

Leak Trapping Options

Suction Trapping. One option is to use suction in a secondary annulus surrounding the

injection nozzle to draw in any leaking DMES. Fluid may be ejected from any leak with a

pressure of up to 40 psi. The maximum velocity of ejection, V, is found from standard

orifice formulas as:

P=dV2/2

where d is the density of the silane. For P = 40 psi, V can be as high as 6.3 m/sec. With a

worst case scenario of all 2 ml being jetted out, it may he difficult to create a sufficiendy

strong secondary suction to pull all of this into the suction without any escaping.
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TILE SURFACE
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TO DETECTOR

AIR
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Secondary Seal. With this method the secondary ring is used to form a seal. A

vacuum is pulled between the secondary seal and the injection nozzle. Leaks would be

absorbed on a sponge or paper filter, and the low pressure of the chamber would cause the

silane to qu/ckly evaporate and be drawn down to the vacuum pump.

TILE SURFACE

_tiii, ,Iti
I I ! l i'i'i it

,iHI i'Pl.FILTEn ,NJ. FILTER

TO VACUUM

PUMP

Sponge Trapping. Another option is to use a soft, absorbant material, surrounding the

primary seal. The material might be some type of cotton, sponge, or cloth. The soft

material will break the flow of any ejected silane and absorb it. The material has to be soft

enough to provide a (low pressure) secondary seal even if the surface is rough. It would

probably still be advisable to maintain a secondary suction to evaporate the silane in a safe
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manner. The gases going down the suction robe could then be analyzed for silane in some

detection schemes. Only enough suction to keep a steady stream of air moving across the

sponge and into the suction tube would be needed.

Detection Options

We need to be able to detect any leaking silane so we know when there is a problem. Here

are some possibilides.

Spring Mass Detection. The idea is m detect the added silane mass when it is absorbed

on a sponge or cloth. The sponge is mounted on a thin, but stiff, rigid frame which in tum

is connected by a flexure spring m the robot. During injection the spring forces the sponge

against the tile for a secondary seal. When the manipulator is moved quickly away from

the tile, the spring will oscillate with a frequency that depends on its mass. Ahemately, a

solenoid can be used to compress the sponge during injection and/or to excite the spring

oscillation. The resonant frequency of the oscillation would be measured to determine if

any silane mass has been absorbed. The frequency can be measured by strain gauges,

magnetic pickup, an accelerometer, etc. Since frequency depends on 1/(m) 0.S, where m is

the mass, the fractional frequency change wiil be roughly

Af/f= Am/2m

where f is the frequency. Assume we want to detect a 0.1 ml leak. and further assume that

this is about 0.1 gram. The oscillating mass needs to go around the 1 inch (2.54 cm)

injection nozzle. This would give a circumference of about 8 cm. Assume a 1 cm width,

and a thickness of 1 cm at a density of 1 gram per cc (note that the absorbant material

should actually be less than this density). These assumptions imply an oscillating mass of

perhaps 10 to 20 grams. With a value of 20 grams, a 0.1 gram absorbed mass would give

a frequency shift of 1 part in 400. This should be easily detected. With an appropriate

choice for the spring, resonant frequencies of 100 to 1000 Hz can be used, so the detector

would be fast.

Impact Detector. A plate could be positioned in the air stream of the suction trapping

method so that the liquid DMES collects on the plate and is blown off as drops onto a

piezoelectric sensor, which detects the impact of the drops. This would require that the
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piezo element be positioned in the air stream so that it is impacted by the drops, but this can

be done by channeling the air flow at a 90 ° angle to piezo element. The greater mass of the

drops will cause them to continue going straight and impact the element. It may be difficult

to obtain quanititive information about the leak with this technique, since drop sizes may

not be uniform due to variations in air flow, etc.

Evaporative Cooling. The silane is collected in liquid form and its quantity is

determined by the temperature drop it causes upon evaporation. This concept would take

some work to determine feasibility for small quantities of DMES.

Vapor Pressure Detection. Using the secondary seal trapping method, a pressure

gauge monitors the pressure in the vacuum chamber. The pressure vs. time curve (as the

pressure is slowly drawn down by the vacuum pump) should indicate how much silane has

leaked. This method has the disadvantage of requiring a good secondary seal, but it is

attractive in that it can both trap and measure the leaked silane. Another possible advantage

is that the vacuum seal could be verified before the tile is injected: if a poor seal is detected,

there may be no need to inject the file since the DMES would probably leak anyway. Such

flies could be done manually.

Catalytic Detection. A platinum wire catalyst is electrically heated to a fixed

temperature below the ignition point of DMES in air. When DMES vapor and air passes

across the heated catalyst, less electric power is required to maintain the fixed temperature

because of the added heat of combustion on the catalyst. It is not clear that this concept can

be made practical because of variations in air flow and DMF_,S concentrations, and because

of the additional burden of proof that the heated clement cannot create a fire/explosion

hazard.

Mass Spectrometer. A commercial mass spectrometer is used to detect leaking silane in

the secondary suction. Two issues need to be addressed. One is that the silane which is

known to be detectable with these units is not dimethyl ethyl oxy-silane. This is probably a

solvable issue since the DMES could also be converted to a product that the mass

spectrometer can detect. A more serious issue is the time response. A quote from Perkin-

Elmer, a mass spectrometer manufacturer, suggested that a response time of about 5

seconds is as fast as well get with their machine. Also, we would probably need to carry a

teflon tube connected to the mass spectrometer with the robot. Perkin-Elmer was not
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encouraging when I suggested carrying the mass spectrometer around - apparendy its

calibration can be vibration sensitive. On the positive side, this would be an off-the-shelf

solution ff it worked. However, cost of their standard system is $12.5K. There is expertise

at SRI with mass spectrometers, including new technologies for much faster response.

Disposal Options

Here are a couple simple ideas for disposal of the collected DlVlES vapors.

Catalytic Combustion. Assuming the silane gas is drawn down a suction tube,

catalytic combustion is an option for disposal. The concept would be draw the suction

gases through a noble metal catalyst that is maintained at a temperature below the normal

ignition point for silane. This would prevent any danger of explosion but would still break

down and oxidize the silane.

Dilution. With this idea a large volume of air is simply mixed with the silane vapor and

vented. We'd need to know the tolerance levels of the silane to know the amount of air for

dilution, but this shouldn't be a problem.

Condensation. It may be possible to condense the vaporous DMES by passing it

through a chilled collection system. Adequate cooling for a system can probably be

obtained by using liquid nitrogen, which can be stored in a small Dewar flask.

Evaluation of Leak Detection Using an Oscillating Spring-Mass The ring

structure for this consists of three major components. The major components are a

structural frame, absorbant material, and permanent magnets. The frame would be made

out of a lightweight, rigid, DMES compatible metal and would be about 2 millimeters thick.

Two aluminum alloys, 7075 AI and 2219 AI, have been tested by Rockwell and were

found to be compatible with DMES. These alloys would be good choices for the structural

frame. The absorbant material, such as f'flter paper or cloth, is attached on top of the frame.

The magnets are attached to the frame and are used to both excite and detect oscillations of

the ring structure by using the exciter/detector coils located just underneath and offset from

the ring magnets. The exciter/detector coils are attached to the main injector structure, not

to the ring structure itself. The permanem magnets would be neodymium-iron. The

compatibility of this material with DMES needs to be determined. Tests by Rockwell that

indicate a number of metals are compatible with DMES (the two aluminum alloys
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mentioned, as well as stainless steel, Iconel 601, and a titanium alloy) are encouraging.

However, as a worst case, it may be necessary to isolate the magnets from the DMES

using, for example, a protective coating. The protective coating as well as the attachment

material for the absorbent material can be RTV-560, which is the adhesive used to bond the

shuttle files themselves.

Mass Estimate of the Ring Structure To estimate the properties of the spring-

mass detector, we first need to estimate the mass of the total ring structure. If we assume

the frame's average diameter is roughly 3.5 cm with a width of I cm and a thickness of 2

ram, then the volume of the frame is about _(3.5 cmx 1 cm x 0.2 cm) = 2.2 cm 3. These

assumptions will allow the frame to comfortably surround a 1 inch = 2.54 cm diameter

injection head, and should also give the frame sufficient rigidity at the oscillation

frequencies of interest, I00 - 1000 Hz. Assuming a typical density for aluminum alloys of

2.7 g/cm3, the mass of the frame is about 6 grams.
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Ring Structural Frame

Flex Bearings
(four total,
symmetrically

Magnets

Ring rotates about center
\

Figure 2. Top view of ring structure showing locations of flex bearings and magnets.

Approximate locations of the exciter/detector coils ate indicated by the dashed lines offset

f_m the magnets. Exciter/detector coils are not attached to the ring itself.

If we assume the mass of the absorbant material is 3 _rams, then its tll.icknvss will be about

0.5 cm assuming a density of 0.5 g/cm 3. A low density is assumed for the absorbant

material because it must be fairly porous to absorb the DMES easily. It should be possible

to make the absorbant ring so that there is about 0.5 to I mm (20 to 40 mils) clearance

between the absorbant ring and the injection head. With I mm clearance and 5 mm

thickness for the absorbant material, any DMES which is ejected at less than a 80 ° jet angle
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relative m the shuttle surface wig be absorbed (note that a 90 ° jet angle would be straight

back from the tile). This should absorb virtually all of the leaked material. In practice even

better absorbtion is probably possible. The clearance might be reduced below I ram.

Another approach uses the fact that the injector head wig expand in the plane of the shuttle

tile when it is compressed against the tile for injection. It is therefore possible for the

injector head to actually contact the absorbant material during injection but not when the

forces are released. With this approach there would be no chance for DMES to leak

without being absorbed.

Well assume for the moment that a magnet mass of 5 grams wig be sufficient. The magnet

mass determines the force of excitation, and, for a given spring constant, the amplitude of

the oscigation. Since the exciter coils only need to provide a brief force lasting perhaps 10

milliseconds, a pulse mode of operation can be used. This allows much higher force levels

than could be achieved in the steady state. With a 5 gram magnet mass we can supply 500

grams force (about 1.2 lbs.) for a pulsed mode of operation. This value of force will be

checked in the calculation that follows to verify that it will give a detectable deflection of the

ring. Finally, we assume that the attachment material adds another gram to the ring

structure, so that the total mass of the ring is 15 grams.

Spring Calculations

The flex bearings can essentially be designed to make the ring oscillate at any frequency we

want within the range 100 to 1000 Hz. This is done simply by adjusting the flex bearing

thicknesses and lengths to give the desired spring constant, k. Suppose the flex bearings

are designed for a 500 I-Iz oscillation frequency. Then, using standard spring oscillation

formulas, we have:

w = angular frequency = 2 _ f = 3000 rad/sec = (k/m) 0.5 (I)

Substituting for the ring mass, m = 15 grams, and f = 500 Hz, we can solve for k as:

k = 9 x 106 x 15 dynes/cm = 1.3 x 108 dynes/cm (about 800 lbs/in) (2)

The exciter coils will deflect the magnets when they are actuated. The amount of deflection

is determined by the magnetic force and the spring constant, k, estimated above. Again
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using standard formulas, the deflection, d, is related to the spring constant k and the

applied magnetic force F by:

F=kd or d=F/k (3)

If the force on the magnets due to the exciter cogs is 500 grams force = 500,000 dynes,

then the displacement wig be (500,000 dynes)/k or about 0.0037 cm (37 microns, or 1.5

rngs). This is a respectable displacement at 500 Hz, and it can be detected by optics (e.g. a

phototransistor/photodiode pair) or by a magnetic pick=up coil. The design shown assumes

that the magnetic pick=up coils can be the same coils that are used to excite the oscillation.

If a more detailed evaluation shows that this is cumbersome electronically, separate pick-up

coils can be used. Note that since the coils are not attached to the ring, additional cogs will

not add more mass to the ring. The frequency shift due to absorbed mass can be derived

from Equation (1)'as:

Af/f= -Am/2rn (4)

The factor of 2 in Equation (4) is because frequency is related to the inverse square root of

the mass, as indicated in Equation (1).

Evaluation of Leak Detection using a Vacuum Chamber

The heat of vaporization determines how much thermal energy must be supplied tO the

DMES to cause it to change from a liquid to a vapor state. As a ballpark estimate, one can

assume the heat of vaporization is about 400 loules per gram. Most substances are within

a factor of 2 of this value. The density of DMES at 20°C is 0.75 grams per milliliter, so as

much as 1.5 grams may have to be vaporized for a 2 ml nominal injection volume. This

would requLre 600 Joules of energy, or 600 Watts of thermal power assuming a one second

process.

Considering the space requirements, one can probably get about 20 cm 3 of material in the

Collector. Typically, materials such as aluminum and steel have volumetric heat capacities

of roughly 2 to 4 loules per degree Centigrade per cm3. Assuming the lower value of 2

J/°C-cm3,600 loules of energy wig lower the temperature of the Collector by IS°C, an

acceptable value. This suggests the basic concept of fast evaporation is not unreasonable.
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As the name implies, the Collector should have some component which absorbs or at least

spreads out the DMES. Otherwise the DMES will form a substantial vapor barrier between

the liquid DMES and the Collector. Such a vapor barrier will slow down further heat

transfer.

As a tentative Collector design, one might use an aluminum annulus coated on the side that

will contact the tile with a thin film of RTV to eliminate any chance of damage. The

aluminum annulus would consist of a stack of thin plates and should be built with as close

a tolerance to the RTV injection bead as possible. During a leak, the DMES will be forced

in between the thin plates for good thermal contact. Many other approaches are possible.

Stainless steel wool might be used for good absorbtion. An exotic approach is to use a

gadolinium inductive heater. Gadolinium has a Curie temperature close to room

temperatures. When exposed to oscillating magnetic fields below its Curie temperature it

readily absorbs energy from the field which is converted to heat. Above its Curie

tempecature it absorbs little energy. Thus it forms a natural temperature regulation system

close to room temperatures which can absorb a great deal of energy quickly.

Clearly, more experimental work is needed to determine a good design for the Collector.

The data should be compared with expected leak rates (number of leaks expected per 100

injections, e.g.) to determine feasibility of vacuum injector approach.

J-10



Orbiter TPS Automation Study Final Report KSC-DM-3491

Appendix "K"

Wide Area Sensors

PURPOSE: To determine the feasibility of wide area sensing in relation to precision

inspection of the HRSI tiles.

PERFORMED BY: Langley Research Center

CONCLUSIONS: In summary, the ability to scan large areas of HRSI for hue and

topographical anomalies from a stationary position is prhnarily limited by the required

measurement resolution in the plane normal to the sensor. Additional constraints on the

dimensions of the scanned area are shadowing effects and measurement execution time.

Without mechanical respositioning, selected high resolution patches of 150 x 150

millimeters or less within a target area of 0.5 x 0.5 meters can be measured. Best case time

for a topographical scan of one high resolution patch is currently 8 minutes.

DISCUSSION: The feasibility of wide area sensing in relation to precision inspection is

dependent upon three variables: sensor capability, target parameters, and work space

parameters. It is impossible to determine feasibility by addressing the general problem.

The more appropriate approach is to ask the question for each specific application, "Is

there a sensor capable of robust, accurate assessment of target condition in environments

where the target is typically found?" To answer the question successfully is to have a good

understanding of the target and work space parameters relative to the application.

For the process of detecting HRSI anomalies, the target and work space parametes are well

defined. Target parameters fall into three categories: 1) target composition; 2) anomaly

type; and 3) required accuracy of anomaly measurement. Target composition determines

the emissivity, reflectivity, and absorption of the target at various wavelengths. It also

determines the target's resistance to breakage from physical excitation. The composition

characteristics directly affect sensor type relative to the method of sensor/target interaction

during the measurement. Because of the brittleness of HRSI, noncontact sensor types are

preferable to those requiring contact.
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There are two types of anomalies: those that are indicated by changes in hue, and those that

cause a change in topography. Although it is possible for one sensor type to detect both

kinds of anomalies, it is difficult for it to measure them equally well. It is more

technologically feasible to use a different sensor for each of the two anomaly types. The

required measurement accuracy is dependent upon the dimensions and scale resolution at

which the smallest defect must be detected. For HRSI, the limiting requirement for both

hue and topographic anomaly detection is the spatial resolution in the plane normal to the

sensor(s). The resolution requirement along the measurement axis (i.e., hue change and

depth) can be met by currently available sensor systems. A discussion of hue anomaly

detection capability can be found in Section 10 under subsections Anomaly Detection and

Color Vision. For topographic sensors, depth resolutions of 0.025 millimeters (0.001

inch) with accuracies of 0.075 millimeters (0.003 inch) at 1 sigma are feasible. Absolute

depth accuracy is 0.25 millimeters (.010 inch). The most stringent accuracy requirement in

the measurement plane is 0.25 millimeters. The ability of current topographic scanners to

meet this requirement is controlled by work space parameters.

Work space parameters include target access, area to be sensed in a single 2-D scan,

acceptable measurement execution time, and ambient light. The first three impact accuracy

in the measurement plane and the second two, along with target composition, affect

accuracy along the measurement axis. These parameters represent conflicting objectives for

wide _trea sensing. To obtain the required resolutions and resultant accuracies with

available sensors, both hue-based and topographic, smaller areas must be scanned. For

HRSI inspection, this results in a feasible single scan area of 150 millimeters x 150

millimeters (6 inches x 6 inches). Note, however, that the center of the scan area can be

redirected almost instantaneously to any part of a larger area (typically 0.5 meters x 0.5

meters) where a 150 x 150 millimeter patch can scan at the higher resolution. The

dimensions of the larger area are primarily constrained by the shadowing effect that occurs

when the view of the sensor is obstructed by a depression edge.

Wide area sensing in the context of measuring high resolution topographic patches over a

0.5 x 0.5 meter area is feasible with currently available sensor systems. Each system

would require some configuration and software modification for application to HRSI

inspection but would require no development. The systems are based on one of two

technologies - structured light and laser radar. Both types are capable of the required
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resolutions and accuracies, but have certain advantages and disadvantages relative to

measurement speed, area coverage, range, depth of range, target composition, and ambient

light. Structured light, or more aptly, light stripe systems, are capable of measurement

rates of 10,000 points per second and have a history of successful operation in real

applications. They are also currently more accurate than laser radar systems at short ranges

(e.g., 1 meter). With light stripe systems, the range and consistency of valid measurement

is more affected by ambient light than with laser radar based systems. Frequency

modulated laser radar is impervious to lighting changes from completely dark to bright sun

light. The measurement rate of laser radar is relatively slow, however, at 100

measurements per second for the required accuracies. Systems based on either technology

will measure reliably at ranges up to 2 meters. Laser radar can be used effectively at 4

meters. The accuracy of laser radar when measuring LRSI (i.e., non-coated white tiles)

degrades measurably due to the porous nature of the material. Since only HRSI are to be

inspected, however, this is not a major factor.
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Appendix L

Tile Centroid Measurements

Purpose: To determine if available tile CAD data is accurate enough for coarse positioning
of a robotic device, primarily in the X and Y orbiter coordinates.

Who: Todd Graham NASA DM-MED-12
Don Lanthome, Dave Kugelmann EG&G Survey Crew

When: July 26, 1990

Vehicle:

Facility:
Survey Equipment:

OV-102/Colurnbia

OPF High Bay 2
Theodolite

Procedures

The centroid of the OML surface of 21 tiles were measured. The majority of these tiles
were near close-out tiles where the maximum deviations fi'om the CAD data should be, see

Figure L-I. The centroid was marked on a piece of tape on the tile using a ruler and a pen.
The survey crew used a theodolite to measure the position of these centroids and the orbiter
partking tolerances.

The estimated measurement inaccuracies follow.

• Theodolite + 1/8 inch
• Tile Centroid MadcJng 4- 1/8 inch

Measurement Results

Table L-I contains the tile centroid measurement results. The data is corrected using all of
the measured data to arrive at estimates for translational and orientation offsets. The

method of least squares was used to determine the homogeneous transformation matrix to
account for both translation and orientation offsets. Table L-2 contains the orbiter parking

tolerance information. Both the required and measured tolerances are listed.

The raw data, analysis program output, and analysis program listing can be found at the
end of this appendix.
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Table L-1

MaxJmmn

_ZErmr, m.

Uncorrected
Data

2.02

Tile Centroid Measurements

Correctvd Data-
Trans./Orientation

1.35 1.53

Corrected Data-
Translatiorud

2.21 1.66 1.55

Table

NoseLanding
Gear Forward

Spotting

Nose Landing
Gear Lateral

Spotting

Main Landing
Gear Lateral

Spotling

Foward Jack

Height

Orbiter
Roll

Orbiter

Pitch

L-2 Orbiter

Interface
Control Document

Requirements

:1:1.0 Inches

+ 1.5 Inches

:1:1.5 Inches

+ 0.5 Inches

+ 1.0 degrees

+ 1.0 degrees

Parking Tolerances

Experimentai
Measurements

+ 0.73 Inches

+ 1.56 Inches

+ 1.32 Inches

+ 0.4 Inches

+ 0.0 degrees

- 0.12 degrees
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FIGURE L-1
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Tile Centrold Measurements

mabm': V070-3940_248• RH

IMasterDim. Data

tOM].,¢on_ poim

M. Dim. Cemmid Lacaim

X o_i_bes Y_o, inche8 Z o inches

596.85 78.49 283.20

592.61 82.73 284.62

596.85 86.97 285.84

601.09 82.73 284.26

596.85 82.73 284.48

Mess. C.emmid Locaioe
283.92

Smmm_ DIns

Cemt_ Lo¢. En'm', inches

Tile Past Nmabe_. V070-394048,.204

Lecmlm: LH
Master Dim. DIns

_ Dim.Cemmid/_x_li_ _

X_o, inches Y_o. inches

596.85 -78.49
592.61 -82.73

596.85 -86.97

601.09 -82.73

Z o mr.hes

596.85 -82.73 284.48

Tile Psm Nmmb_. V070-394032-237
l,,ecmtm: RH

l_ Dim. CarotidL_amio.

X_o, indm [ Y_o,_ks

1288.40 82.73
1284.16 86.97

1288.40 91.22

1292.64 86.97

Zom

263.23
263.65

1288.40 86.97 263.59
Meu. Cemn_ l.,ocmoa

1288.80 87.48 264.00

0.76
SummmT Data
Cent_d I..o_ Error, inchm
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Tile Centroid Measurements

Part Numbar: VO70-394032-Z21

Lecmiea: LH

Master Dim. Data

o_ comerpotm

Din. Cenu_d Location

M,.-t C'mm_d location

SummmT Data
Cemmid LAx:.Btxeg,inches

X.or incbu Y_o, ind_ Z o inches

1288.40 -82.73 263.23

1284.16 -86.97 263.65
1288.40 -91.22 263.95

1292.64 46.97 263.52

1288.40 -86.97 Ii 263.59

1288.20 -86.76 263.76

0.34

Tile Past Number: V070-391061-197
l,eemim: P.J.I

MaaterDim. Dant

o_ oomerpot_
X.oT imbes Y_o, incbm Z o iocbes

569.27 63.64 280.62

565.03 67.88 281.64

569.27 72.12 282.52

573.51 67.88 281.38

M. Dim. Cem'oid Location
569.27 67.88 281.54

Meas. Cemmld Loafion
569.88 69.00 280.68

1.54
SummmT Dma
Ceuueid I.ec. En_r, inchu

'I_ Pm't Number:. V070-391061-170
Lecmiw: LH

_Dim. Dm

X.o_ Y_o, inches Z o, incbN

569.27 -63.64 280.62

565.03 -67.88 281.64

569.27 -72.12 282.52
573.51 -67.88 281.38

M. Dim. Ceenoid L,ocafioa

569.27 -6"/.88 281.54

Meat _ L,oc_oe
569.64 -66.48 280.56

Summm7 Dma
Centroid Loc. Error, inches 1.75
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Tlle Centrold Measurements

1_ htt Numlmr: V070..191001-050

l, ecmim: RH
Master"Dim. Dm

OMX,o_nerpot_

M. Din. Cealmld Loaflea

Mere. Cemeid Locneoa

Sammm7 l)sm

Cealn_ Loc. P.,aer, inches

X.o r inches Y_o, inches Z o

823.83 114.55 282.14

820.30 118.09 283.34

824.54 122.33 284.34
828.07 118.79 283.08

824.18 118.44 283.22

825.36 119.76 282.84

1.81

T'flePw't Nlmber:. V070-191001-017
l,,ecatiea: LH

IVann"Dim. Dm

oM1.come_Imim
X_o, iadm Y_o, inchu Zo_

823.83 -114.55 282.14
820.30 -118.09 283.34

824.54 -12Z33 284.34

828.07 -118.79 283.08

M. Din.Cemold Loc_on

824.18 -118.44 283.22

bgem. Cemeid Locmioa

Summm7 Dins

Cemmid Loc. ]Famr_inches

Tib Pm't Nambm':.

[,4ICIMItIIR:

Muter Dim. Dm

o_ comerpoim

V070..191004-103
RH

X_o, indm Y_o, indae8 Z o imhes

1097.48 205.77 279.42

1093.24 210.01 280.27

1097.48 214.25 280.59
1101.72 210.01 279.76

M. Dim. Cemmtd Locatioa

1097.48 210.01 280.01
Mess. Cesmoid Locmioa

1097.88 210.72

0.82
Sammm7 i)ma
C.emeid I.,oc. ]Bsmr,inches

280.08
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Tile Centrold Measurements

Tile Part Numbs. V070-191004-068

_. LH

Mss_ Dim. Dam

M. Dim. C__m_mi_'d Loc_oa

M,,M f'J,,wt,_d L,OCSdem

Sammm7 l)=m
Cemroid Loc. En_r, inches

X_o, incl_ Y_o, i,,¢bu Z_o, inches

109/.48 -2043.7"/

-210.01

-214.25

1101.72 -210.01

1097.48 -210.01

1097.40

0.58

-2O9.52

279.42
280.27

280.59

279.76

280.01

] 279.72

Tile Pm't Numb,w: V070-191026-030

L___-_:sCL___ • LH
Ms, Dim. Dm

M. Dim. C_atroid Locadoa

Mm C,_moid l..ocafioa

Sammm 7 Dins
Ceatmid I.,oc. Eaer, inches

X.orindlm Y_o,illdl= Z o ilzh=

1361.73 -431.74 296.13

1356.81 ..435.19 296.66

1360.26 -440.10 297.07
1365.17 -436.66 296.54

1360.99 -435.92 296.60

1360.68 -435.96 296.64

0.32

'me Pitt Nmber: V070-191017-105

l,eemh_: LH
Muter IYmLDm

IOMLmm_r polm

M. Diam._ Loc_on

tvt,_ c'_m_td Loclioa

Summm7 Dins
Cemn_ Loc. Raor, inches

X.o_inches Y_o, inches Z o inches

1564.77 -125.16 267.08

1360_2 -129.40 267.39

1364.77 -133.64 267.88

1369.01 -129.40 267.59

1_4.7v -I_._0 26v...._....__

1364.64 -129.24 267.72

0.31
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Tile Centrold Measurements

111t _ Nlmle:, V070-3940_-033

Ixcslkm: CENTER
MSSl_ Dim. Dais

OMLoom_

X_o, inches Y_o, inchm Z o inchu

1061.42 4.24 264.6/

10Y7.18 0.00 264.76

1061.42 -4.24 264.6"/

1065.66 0.00 264.57

IvLDim. Cmmoid Locsaioa

1061.42 0.00 264.67

lVlk.m.Ceam_ Locmioa
1061.88 0.84

0.96
s-=m,7 Dm
CeuUoid Loc. ]_a_r, inches

Ll"ib Psct NBCt_': V070-393007-024

Mss_ Dim. Dins

OML=_Fm
X.or inches Y_o,_)d)es Z o inches

1494.17 4.24 272.91

1489.93 0.00 Z72.45

1494.17 -.4.24 272.91
1498.41 0.00 273.37

M. Dim. _ Locadoa

1494.17 0.00 272.91
Mess. Ceaa_ Locadoa

1495.44 0.25 273.36

1.37
_DNa

_L_._,_

Tik Pm.t Numbmr: V070-391018-031

I,eemi_: CENTER
Mam=r_. D==

o_=o_pom

M. Dim. Cmtmid _

X_o, incbm Y_o,inchm Z o

492.9O 4.24 277.18

488.66 0.00 277.27
492.90 -4.24 277.18

497.15 0.00 277.06

492.9O 0.00 277.17
Meal Cemn_ Location

493.2O 1.44 276.24

SammmT Data

Cemmid Loc. Emx, itgtms 1.74

v
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Tile Centroid Measurements

TlltPtrtNumber: V070-395015-145

Lecmiea: CENTER

_Dim. Data

OML ¢o.= pom=

_L Dim.Cemmkl Lotion !

X=o rinches Y_o,inches Z o inches

1595.94 4.35 281.59

1591.61 0.00 281.11

1595.94 -4.35 281.59

281071600.26 0.00

n

281.591595.94 0.00

Mess. Cenlm/d Locatiou
1595.52 -0.2,4 28100

0.63
Summm7 Dam
Cemm/d Lo¢. Ener, inches!

'lib Pat Number: V070-191026-054
_: RWNG

Mastm'Dim. Dm

X_o, inchu Y_o,i_hes Z o inches

1361.73 431.74

1356.81 435.19

1360.26 440.10

1365.17 436.66

296.13

296.66

297.07

296.54

M. D/m. _ Location
1360.99 435.92 296.60

Meas. Cemmid Locatica
297.24

Suumm7 l)=ta
Cemmid Lo¢. Emx, inches

1361.52 436.44

0.98

Tlk Pat Nenbe':. V070-191017-134

I,ecatlm:

Master Dim. Dm

OML =_==rpom=

M. Dim. Ceaut_ I.,ocmiou

X_o, inches Y_o, inchm Z o inches

1364.77 125.16 267.08

1360.52 129.40 267.39

1364.7/ 133.64 267.88

1369.01 129.40 267.59

1364.77 129.40 267.48
Meaa. _d Loc_ou

267.961365.24 129.84

0.80
Summm 7 Data
Cenaoid Lo¢. Error,inches

=

t
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Tlle Centrold Measurements

_ Nmab=': V070-395005-238

t,ocJm: LH

Muter Dim. Dm

OML ce._..

M. Dim. Cemmtd Locmiem

_,_ c==_x.o=ao,,

Smmmlr7 l)ma
Cemroid Lo¢. Emm¢,ind_

X_o, lechm Y_o, inchm

is04.93 -103.94
1500.53 -108.19

1504.77 - 112.43

1_9.17 -108.19

Z o inches

274.39
274.88

274.48

274.81

1504.85 -108.19 274.64

L,q08._ -108.36 27S.28

1.65

TIk hrt Nmmba': V070-395005-244
I,ecmlem: RI-I

Master Dim. Dma

OML mm. _x_..

X_o, inches Y_o, inches

1504.93 103.94

1500.53 108.19

1504.77 11143

1509.17 108.19

Z o inchm

274.39

274.88

274.48

274.81
bl. Dim. Cemroid Locadoo

1504.85 108.19 274.64

Smemta=7Dma
Cemmid 1.,o¢.]Ema't inchm

1506.72 108.96

2.21

275.52

Tik Part Nmll_ba':. V070-394020-168
I,eemiem: P,I-I

Miner Dim. Dm

om.mpo=m
X_o, inches Y_o, inches

Summm7 Dins
Cemmld Loc. _mr; locbm _

611.70 4.24

607.46 0.00
611.70 -4.24

Zol

274.56

274.64
274.56

615.94 0.00 274.45

M. lyres. Cem_ I,ecatiou

611.70 0.00 274.55
Mem. Cemn_ Locmm

61100 1.08 273.96

1.27
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